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Abstract

Ligand design helps to define reactivity in coordination complexes and organometallic
chemistry. Ligand characteristics greatly influence the reactivity of transition metal complexes
and simple changes in the steric or electronic properties of a ligand can drastically affect the
activity and selectivity of a catalyst. Scorpionate ligands are an easily tunable and display
flexible binding modes in that they can act as bidentate or tridentate donors. In literature
scorpionate ligands with charged donors are underrepresented and this is an area with great
potential to explore and discover new organometallic complexes with novel reactivity. Inspired
by scorpionate ligands and phenolate ligands throughout the literature, a set of eight neutral
ligands were synthesized and utilized in the generation of metal complexes. These novel ligands
were diphenolate ligands with a nitrogen or oxygen containing tail. The steric hinderance of
these structures was varied using the ortho substituents on the phenol groups. The various tails
also allowed the binding strength of the ligands to be varied. Studies on the activity of the
complexes bearing these scorpionate ligands were performed. The effect of the steric size of the

ligands as well as binding strength of the tail were investigated.
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Chapter 1 - Introduction: Ligand Design in Inorganic Chemistry

In inorganic and organometallic chemistry, ligands have the power to dictate the
reactivity of metal complexes. Although it is typically the metal that is the center of all activity
for a coordination complex, the properties of the metal are often heavily influenced by the
properties of the ligands that are bound.! The electronic and steric factors of the ligands are
critically important and a simple change in one or both factors can drastically change the
reactivity of the metal. Therefore, many varieties of ligands have been synthesized and utilized
for various applications. These ligands can be classified according to their various properties
including denticity, charge, donating ability, and steric bulk.

1.1 Denticity

Denticity is an important concept for ligands that helps to explain their binding modes.
Denticity is commonly defined as the number of pairs of electrons that bind the ligand to a metal
center, or how many bonds the ligand forms with a metal center. If a ligand binds through two
donors, it is designated as bidentate and if the ligand binds through three donors, it is tridentate,
etc. Higher denticity ligands have been developed, such as porphyrins,?® but most ligands are
monodentate, bidentate or tridentate.

The number of binding points, especially for tridentate and higher denticity ligands, can
affect the overall geometry of a complex.?® Ligands that have higher denticities are often not
very flexible and must coordinate in specific orientations. For instance, a pincer ligand will bind
to a metal in a mer- fashion, Figure 1.1.273¢ The 2-2°, 6°-2*’-terpyridyl ligand also binds
meridionally.3” The other fashion in which a tridentate ligand can bind is fac-, which can be seen
with scorpionate ligands,*®*! 1,4,7-triazocyclononane (tacn),*? and in bis-benzimidazole-ethanol

ligands.** Meridional binding ligands add a robustness to the metal complex and allow for
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Figure 1.1: Meridional versus facial binding of a tridentate ligand.

difficult bond breaking or forming reactions,*®

while facially binding ligands can give more
reactive species.*! Ligands in both binding classes can be varied and tuned through electronic
and steric means which affects their binding strength as well as the overall metal complex.
Electronic and steric factors and their effects will be discussed in later sections.

The total number of ligand binding points can affect the reactivity of a complex if a
certain geometry is desired or if an open coordination site is needed. For a metal complex to
react, an open site for an incoming molecule is needed for the metal complex to affect a chemical
transformation. If a complex is already coordinatively saturated, ligand dissociation must occur
first to allow an interaction to occur with another molecule.

Ligands can also be defined as hemi-labile, Figure 1.2. A hemi-labile ligand contains at
least one atom that is strongly bound to the metal center, while one atom is weakly or reversibly
bound to the metal. This can allow for metal complexes to be reactive and stabilized at the same
time.*’ The weakly bound atom can dissociate to allow for an open coordination site, and then

can bind once again to stabilize any reactive intermediates with vacant sites. Scorpionate ligands

can fall into the category of being hemi-labile.*!
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Figure 1.2: Binding modes from fully binding to fully dissociated.



1.2 Ligand Charge

Ligands can have a variety of charges, and although typically ligands are neutral or
anionic, they can have multiple anionic charges as well. In other words, we can classify ligands
based how many electrons they are donating to a metal center, as well as their overall charge.
When talking about the charge of a ligand in general terms, X is used for an anionic ligand and L
is used for a neutral ligand. For instance, a dianionic tridentate ligand would be LX>. The charge
of ligands is very important to consider and can be utilized to support metal centers with a wide
range of oxidation states. Highly charged ligands are often found supporting complexes with
metals in higher oxidation states, while neutral ligands are used more often in complexes with
lower oxidation state metals.

1.3 Donating Ability

The electronic donating ability of ligands influences the amount of electron density at the
metal center.*® This effect was originally studied by looking at complexes containing carbonyl
ligands. The C=0 stretching frequency is related to the electron density at the metal which
influences the amount of back donation to the carbonyl. An example of this can be seen with
Ni(CO);L complexes where L was a trisubstituted phosphine ligand. These species have been
studied to determine the electronic properties of phosphine ligands.*’ As the phosphine increases
in electron donating ability the carbonyl stretching frequency decreases. This is due to an
increase in electron density at the metal which leads to an increase in back donation to the
carbonyl antibonding orbital. From most donating to most withdrawing, the phosphines
contained alkyl substituents, followed by aromatic substituents, then oxygen containing
substituents, and finally halide substituents. More electronegative substituents will provide

greater electron-withdrawing effects making the metal less electron rich. This same effect can be



seen in all types of ligands and not just phosphines.**°-2 Electron density can also be seen in
the shifts of NMR spectra. More electron density at the metal is consistent with shifts up-field in
NMR spectra.”

The change in electron density at the metal center can affect its catalytic behavior. This
change in behavior though can vary according to the catalytic mechanism.>* An increase in
electron density will facilitate oxidative addition, while decreasing electron density will facilitate
faster B-hydride elimination as the electron count will increase by two at the metal center.>*

1.4 Steric Hinderance and Tolman Cone Angles

Figure 1.3: Cone angle measurement.

Along with electronic factors, steric hinderance greatly influences the behavior of ligands
and organometallic complexes. The steric hinderance of a ligand can be described by its cone
angle. This again was first discussed for phosphine ligands by Tolman.*->> Using space-filling
models, increasing the steric size of the ligand increased the cone angle, Figure 1.3. The cone
angle can help predict the number of ligands that will associate with a metal center. With large
angles fewer ligands can bind.® Ligands with relatively small cone angles, PMe; PMe>Ph and

57,58 or ﬁVGSg

PMePh; with cone angles of 118°, 122°, and 136°, respectively, can fit up to four
phosphine ligands around a molybdenum center. A more sterically hindered PPhj3 ligand has a

cone angle of 145° and only two phosphine ligands bind to a molybdenum center. %



Figure 1.4: Bite angle of a multidentate ligand.

In the case of multidentate ligands, the bite angle can also be analyzed to determine the
steric hinderance of the ligand, Figure 1.4. This angle also helps define the overall geometry of a
metal complex. A larger bite angle results in more of the coordination sphere being occupied by
the chelating ligand. This bite angle can be affected by increasing the steric bulk of substituents
on the ligand. For B-diketiminate ligands, Figure 1.5, steric hinderance can be changed on the
backbone or at the N-aryl substituents.>®> With smaller substituents, like H or Me, the bite angle is
smaller, often causing metal complexes to form dimeric or polymeric complexes. Examples of
this have been studied by looking at various analogues of the same -diketiminate ligand with
different substituents. For a [LScCl2], complex where L is a B-diketiminate ligand, when L
contained a methyl substituent on the carbon bonded to the nitrogen (R? in Figure 1.5) n =2,
denoting the formation of a dimeric complex.®! When this same complex L contained a z-butyl
substituent in the same position, a monomeric complex formed and n = 1.5 The same
phenomenon was seen with [LFeCl]s,% % [LFeF],% [LCoCl]n,*” [LNiCl]s,%*6768 [LNi(CO)]n,*"

"1 [LCuCl]n,”* ™ and [LPd(p-OAc)]a”>"® complexes. In addition to just forming dimeric or

R1

Rz\l/.!\/R:
N_. _N
Xy M’ i
SRS
o

Figure 1.5: p -diketiminate ligand.



polymeric complexes, additional neutral ligands or solvents could be coordinated to complexes
with smaller bite angles and less steric hinderance.®>"-"°

Steric hinderance plays a vital role in the catalytic activity of a catalyst. Added steric
hinderance can cause strain in intermediates which can raise activation energies and can slow
down reactions.>® Reduced catalytic activity due to steric hinderance can be seen with many
types of ligands, including N,O-chelating ligands,® bis(N-heterocyclic carbene) ligands,®! and

phosphinamine ligands,* to name a few.

1.5 Tridentate Ligand Design: Pincer Complexes

Y -ER,
{ | E=P,N. S, O As
7 X
7 X-M X=C N.B
= | Y = CH,, O, NH
Y_ER;‘

Figure 1.6: Pincer ligand design.

Taking the aforementioned factors into account, ligand design plays an integral part of
inorganic and organometallic chemistry. Higher denticity ligands are of particular interest due to
the stability they impart to complexes and the amount of control they provide with respect to the
electronic and steric environment of the metal. One class of tridentate ligands is denoted as
pincer ligands. An example of a complex bearing a pincer ligand is shown in Figure 1.6. This

83-85 35 well as van Koten.**

ligand structure was first reported in 1976 by Shaw and co-workers
As first described, the term pincer was defined as [2,6-(ECH2)CsH3z] where E was a neutral two-
electron donor, typically either PR2 or NR2.%%%7 However, over the years, the definition of pincer
ligands has expanded to include many more variations, Figure 1.6.% This modular structure
allows both the electronic and steric factors within the ligand to be easily varied.®” The E group

is particularly modular and gives significant control over the resulting complex due to the close

proximity to the metal center’® Varying the R substituents on E allows for the steric demands of



the ligands to be tuned. The identity of the E group also allows for the electron donating ability
of the pincer to be modified, and potentially provides a point to incorporate a labile donor.®¢ The
bridging Y group allows for tuning electronic effects as well.”! The central X atom can also
change the electronic density at the metal center.”>** Z allows for additional control over the
electron density at the metal center without large effects on the steric hinderance of the ligand.”*

As a generality most ligands that bind in a meridional fashion can be described as pincer
ligands. As mentioned in earlier sections, these types of ligands tend to form more stable
complexes with the ligand filling much of the coordination sphere around the metal center. This
increased stability allows this ligand to be used in catalysts that require harsh and forcing
reaction conditions.

A well-studied class of catalysts that uses pincer ligands are iridium pincer complexes
which can be used for the dehydrogenation of alkenes. There are two main ligand structures used
for the iridium pincer complexes, (R4PCP)IrH, and (R4POCOP)IrH,, R=i-Pr, ¢-Bu, Figure 1.7.27-32
There are other variants of these catalysts, but the two examples shown below are perhaps the
most studied and most active alkane dehydrogenation catalysts available. Typically R=i-Pr is the
more active variant between R=i-Pr and #-Bu due to the less sterically hindered metal center.?%3

All of these iridium pincer catalysts require temperatures typically between 150°C and 250°C for

TRz o—F’>R2
IjQ;_IH lij

R=j-Pr or t-B
PR, O—PR, -Pror t-Bu

Figure 1.7: Iridium pincer complexes for alkane hydrogenation and dehydrogenation.

the dehydrogenation of alkanes.>*~>° The reason for this is that alkane carbon-hydrogen bonds are
strong requiring approximately 28 or 30 kcal/mol to activate for n-alkanes at the internal position

or terminal position, respectively.” At these elevated temperatures the pincer ligand is necessary



to stabilize the iridium complexes. Although iridium pincer complexes are the most prevalent
examples of pincer complexes that can be found in literature, other compounds are known. ¢

1.6 Tridentate Ligand Design: Scorpionate Ligands

Another class of tridentate ligands are the scorpionate ligands. The first scorpionate

ligands were developed by Trofimenko in the late 1960s.3%9%1% The original general structure of
the ligand class was [RR’B(pz)2] where R and R’ were pz, H, alkyl, aryl, F, OR, SR, or NR>, and
pz is a pyrazolyl group, Figure 1.8. Similar to pincer ligands, the definition of scorpionate
ligands has expanded greatly since their initial discovery. The definition now includes tridentate
ligands that bind facially. Often, scorpionate ligands are described as binding like a scorpion

through its claws and stinging tail.** The term scorpionate can also refer to the tail of the ligand

being labile.*!

N—-N R=H, OR, SR, NR;,

w pz, agostic C-H

Figure 1.8: General design of a scorpionate ligand.

The binding of scorpionate ligands can be compared to a few other classes of ligands.
When a scorpionate ligand is bidentate, an analog would be B-diketonates. When bound in a
tridentate fashion, they are analogous in some ways to cyclopentadienyl or
pentamethylcyclopentadienyl ligands.!®! While these analogies hold for the electronic behavior
and number of electrons donated to the metal center, this analogy does not hold for the
coordination geometry of the scorpionate ligand. As seen in Figure 1.8, the ligand is in a boat
geometry when coordinated to the metal leaving the R’ group in close proximity to the metal.
This can lead to significant interaction between the R’ group and the metal center. This is where

the scorpion analogy can help visualize the binding. The two pz groups bind like two claws and



the R’ group wraps around and ‘stings’ the metal center, like the tail of a scorpion. Further, there
are subdivisions of scorpionate ligands, including homoscorpionate and heteroscorpionate
species. In homoscorpionate ligands the tail is the same as the main chelating arms of the ligand.
In heteroscorpionate ligands the tail has a different identity, leading to more opportunities to tune
the ligand through electronic and steric means. %!

The most studied of all scorpionate ligands are tris(pyrazolyl)borane (Tp) structures.
These were the first scorpionates to be developed by Trofimenko and are the topic of many
reviews.*1101-116 The synthesis of these ligands has been well developed for many different
substituted variants. Generally, the desired substituted pyrazole is heated with a borohydride
anion, Scheme 1.1.°!% Through control of the reaction temperature, the degree of substitution
can be controlled to form bis(pyrazolyl) versus tris(pyrazolyl) derivatives.'?® From here, when
talking about tris(pyrazolyl)borane ligands, the following notation will be used Tp* where x is

the substituent in the 3-position of the pyrazolyl.
Scheme 1.1: Synthesis of bis(pyrazolyl)borate and tris(pyrazolyl)borate.

7\
/7 '\\N £ N
N N N
XBH, excnss< N —» N — |
N—-N -
’ ,é”"v—'—,-\» H"B\ y _ﬁﬁ,
X =K, Na H H™ 3 N=N N .
NN

The substitution on the pyrazolyl moieties affects the coordination of the Tp* ligand, both
in terms of steric and electronic effects. With respect to steric effects, the substituents on the
pyrazolyl groups can wrap around the metal center creating a more shielded species. In terms of
cone angles, all Tp ligands have a cone angle greater than 180°, which can vary with the
substituents utilized. The smallest cone angle is the unsubstituted Tp ligand at 184°, followed by
Tp™©, the 3,5-dimethylpryazolyl derivative, at 224°.1°! The cone angles for these derivatives as

well as several other substituted Tp ligands have been determined by X-ray



crystallography.!"!!7-11% The cone angle of a scorpionate ligand does limit the number of
scorpionate ligands that can bind to a metal center. Looking at first row transition metals, Tp
ligands with relatively small cone angles such as Tp, Tp™®, Tp®", Tp™, where Me = methyl, cpr
= cyclopentane, Tn = thiophene, are capable of forming Tp*2M complexes, but do not form
Tp*MX compounds, where X is an anionic ligand.!?1194112-115 1 jeands with intermediate cone
angles, on the other hand, can form either Tp*2M or Tp*MX species. Such ligands include Tp*™,
TpPr2, Tpi-Prd-Br Tpi-PrMe TpMenth TuNe TpPh and TpA™ where Menth = 7(R)-isopropyl-4(R)-
methyl-4,5,6,7-tetrahydro, Np = neopentyl, and Ar is a number of substituted phenyl rings. 2122
The most sterically hindered ligands, Tp'BY, Tp BuMe, Tp!Bu Tn TpiBu iPr PpMs TpAnt TpTrip
where Ms = mesityl, Ant = anthracene, Trip = 9-triptycyl, only form Tp*MX species and do not
form Tp*>M complexes due to the large cone angle of the fac ligand.!*

The electronic effects of substituents on Tp* also influences metal complexes greatly. The
substituent electronic effects were originally studied on Cr, Mo, and W complexes of the type
Tp*M(CO);.!123126 The electronic effects were compared to those of Cp*M(CO); where Cp* =
substituted cyclopentadiene complexes containing the same metal since Tp* and Cp* are iso-
electronic. From these studies, the Tp* ligands followed a trend that was generally to be expected
based on the electron donating or withdrawing capabilities of the individual substituents. For
example, alkyl groups donated more electron density and phenyl groups as well as halogens were
electron withdrawing in nature. The electron-donating ability of Tp* could be ordered according
to the series below:

TpR? (R=alkyl) > Tp"B" = Tp™P = TpMe = TpP' = TpMs > Tp > Tp™2 = TpPh > TpCF3M >

Tpi—Pr,4Br > TpCF3 Me
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In addition, Tp* ligands have been used on almost all of the transition metals'”" as well as

the p-block elements.!%?

Another well studied group of scorpionate ligands are the tris(pyrazolyl)methane
(HC(pz)3) family of compounds. Until the early 2000s, this was an understudied class of
scorpionates, due to the low yielding synthesis of the (HC(pz)3) ligands. The unsubstitued
HC(pz); ligand was developed in 1937 with the reaction of chloroform and the potassium salt of
pyrazole, which had an isolated yield of 34%.'?” In 1984 an improved synthesis using pyrazole
and chloroform using K>CO3 increased yields of HC(3-PzM€); to up to 60%, but the yield of
HC(pz); remained low at 24% yield.'?® Finally, in 2000 Reger and co-workers replaced K>,COs in
their synthesis with Na,CO3, and this gave higher percent yields for this ligand class.'?’

As with the Tp scorpionates, HC(pz)3 ligands can be highly substituted. And as would be
expected, the same trends in terms of steric hinderance and electronic effects can be seen for the
carbon derivatives. Although the binding remains the same in many instances, there are some
differences in metal complex reactivity between the boron and carbon analogues. One example
of an extreme difference in reactivity was when HC(pz)3; was reacted with M(CO)s (M=Group 6
metal), it formed an insoluble and involatile species. When Tp was reacted with the same group
6 metal carbonyls, it formed a very soluble substance that was sublimed with ease.'** HC(pz)s
ligands have also been covered in numerous reviews. %131

In addition to borane and methane derivatives, there have been reports of silane
derivatives of scorpionate ligands.!3!"13* The carbon and boron derivatives have been

investigated far more than the silane derivatives, though. Therefore, the silane derivatives remain

an underdeveloped field.
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Figure 1.9: Tris(methimazolyl)borate (Tm).

Although the first scorpionate ligands were bound to metals through nitrogen atoms,
sulfur derivatives have been reported in literature, Figure 1.9.'2>13¢ This allows for a large
electronic and structural change. In general, these tris(methimazolyl)borate (Tm) derivatives and
their metal complexes are more stable. This is especially the case with group 15 metals and even
a group 16 metal, tellurium.!'%>!37 With Tp derivatives, metal complexes have been
comprehensively studied for transition metals as well as group 13 and 14 metals, while group 15
Tp-metal complexes are rare. To study the difference between the soft Tm ligands and hard Tp
ligands, Tm™® was first added to BiCls followed by addition of Tp to the reaction mixture.
Instead of a mixed system of Tm™® and Tp coordinated to the bismuth center, the formation of
[Bi(TmM®),]"[Na(Tp)2] was observed.!*® This observation demonstrated the soft behavior Tm™M¢
versus the hard nature of Tp. Following hard-soft acid-base theory, the Tm™® bound solely to the
bismuth and Tp bound solely to sodium. Further, studies have shown that Tm™® is a stronger
electron donor than Tp and Cp. Comparing CO stretching frequencies for metal complexes
utilizing Rh,'3%140 Mn,*! Mo and W,'#>!* all species showed that the electron donating ability
followed the trend: Tm™® > Cp > Tp. This effect is to be expected as the sulfur donors in Tm™M¢
have lone pairs to donate to the metal center adding to the metal electron density. Another
benefit of using sulfur donors on the scorpionate ligand is to better model metalloprotein active

sites.!3¢
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While the scoprionate ligand class of molecules is widely studied and many variations of
these ligands have been explored, there is still room for more exploration within this field.
Scorpionate ligands with multiple anionic donors are, to the best of my knowledge, not widely
reported in literature. Anionic oxygen donors would allow for an additional sub-class of current
scorpionate ligands. Multiple anionic charges can support highly charged metal cations.
Utilization of scorpionate ligands on highly charged metal centers without the use of additional
anionic ligands could reveal new reactivity for those metal complexes.

This thesis will focus on the design and synthesis of a novel set of dianionic
heteroscorpionate ligands and their coordination to metal complexes, including aluminum and
molybdenum centers. This set of ligands will contain anionic oxygen donors as the pincers or
‘claws’ with nitrogen or oxygen containing tails. The steric hinderance on the ‘claws’ will also
be varied. The influence of these ligands on complex reactivity will also be explored.
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Chapter 2 - Ring-Opening Polymerization of e-Caprolactone
Utilizing Aluminum Alkyl Complexes Bearing Dianionic

Scorpionate Ligands

2.1 Introduction

Petroleum-based polymers such as polyethylene and polypropylene have found
widespread commercial use due to their chemical stability and physical durability. As such, they
are produced on million tonne (Mt) scales globally every year, with over 359 Mt produced in
2018.!? The desirable properties of petroleum-based plastics, however, causes problems when it
comes to their disposal. Polyethylene and polypropylene polymers are not biodegradable and
persist in natural environments. The most dramatic example of this is the Great Pacific Garbage
Patch, which is estimated to have a surface area of 1.6 million square kilometers, or roughly
twice the size of Texas.? ¢ In addition, petroleum feedstocks are rapidly depleting, making the
use of petroleum-based plastics unsustainable in the long term.”® The development of
biodegradable polymers, therefore, is highly desirable and has received increasing attention in
recent years.'%"'? Polyesters such as polylactide and polycaprolactone (PCL), which are
generated through the ring-opening polymerization (ROP) of lactide and e-caprolactone (e-CL),
respectively, are particularly promising because of their favorable degradation properties, and
renewable feedstocks.!>!3

Metal-mediated processes have been a specific area of interest for the ROP of cyclic
esters as well-defined biodegradable polymers with controlled chain lengths are produced.'*!

Aluminum-based systems are especially attractive due to the large abundance of the metal, its

low cost, and its high Lewis acidity.!*!*'® When developing catalytic systems, though, the
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ancillary ligands surrounding the aluminum center play a key role in determining the reactivity
and selectivity of the catalyst. Over the past several decades, aluminum complexes bearing
bidentate,!®! tridentate,*>” and tetradentate®>-*®* ligands have been explored in the literature, a
selection of which are shown in Figure 2.1.!%40% Notably, aluminum alkyl complexes supported

4651 or salan®*>* ligands have seen particular success in this field. These species form

by salen
five-coordinate pre-catalysts that can polymerize cyclic esters with narrow PDIs after being

activated with benzyl alcohol.
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Figure 2.1: Examples of Aluminum ROP catalysts bearing bidentate (left), tridentate
(middle), and tetratdenate (right) ligands.

Scorpionate ligands, on the other hand, were first developed in the late 1960s by

Trofimenko, and include species like tris(pyrazolyl)borate>-®

and tris(pyrazolyl)methane (Figure
2.257 The defining features of these ligands are a fac coordination geometry and the ability to
interchange between tridentate and bidentate binding modes.’®> This hemilability can lead to
higher reactivity levels over other tridentate ligands, such as pincer ligands, which tend to form
very stable complexes.’*®! Moreover, scorpionate ligands are extremely versatile in that their
bonding strengths, electronic parameters, and steric encumbrance can be readily tuned. Since
their development, complexes incorporating these types of ligands have been widely studied for
medical purposes,®? catalysis,® as well as other applications.’>*% Surprisingly, despite their
versatility, to the best of our knowledge, only a handful of scorpionate ligands have been

explored on aluminum centers.**%® Martinez et. al. investigated a family of aluminum

scorpionate complexes for the catalytic synthesis of cyclic carbonates from epoxides and carbon
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dioxide.®¢*-7! Additionally, aluminum scorpionate complexes have been utilized by the Otero
group, and others, to affect the ROP of lactide and e-CL.%”-"1-7° By increasing the steric bulk of
the tridentate ligands, more control over polymerization was seen and products with narrower
PDIs were generated.” It would therefore be of great interest to further explore this underutilized
ligand class in the context of aluminum catalyzed ROP of cyclic esters .
Rlll Rlll
= [\\j Y&\ =
N\ '/N 7 Rl '/
oF ?
R"l Rlll
N Rlll N Rlll
L ﬁ
Rl R’l Rl Rll

Figure 2.2 General structures for tris(pyrazolyl)borate (left) and tris(pyrazolyl)methane
(right) scorpionate ligands.

Herein, the facile synthesis of dianionic scorpionate ligands with two phenolate donors
and a third hemilabile “tail” is reported, as is their characterization. In addition, the first metal
complexes bearing these tridentate ligands, tetrahedral aluminum alkyl compounds, are discussed
and the coordination geometry of the ligands is investigated. Lastly, the catalytic activity of the
aluminum species for the ROP of e-CL is explored with respect the steric demands of the
ligands, and the nature of the hemilabile “tail”. With respect to nomenclature, throughout this
chapter the scorpionate ligands will be named according to their neutral donor functionality (1
for methoxy; 2 for dimethylamino; 3 for imidazolyl; 4 for N-methylimidazolyl) and the
substituents ortho to the phenol groups (a for methyl; b for tert-butyl), while the aluminum
complexes will be named according to the bound scorpionate ligand (Sa-b for 1a-b; 6a-b for 2a-
b; 7a-b for 3a-b; 8a-b for 4a-b).

2.2 Results and Discussion

Synthesis and characterization of scorpionate ligands 1-4.
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Compounds 1-4 were synthesized using a Friedel-Crafts alkylation reaction under acidic
conditions.’”®”” Two equivalents of phenol (2,4-dimethylphenol for a, or 2-tert-butyl-4-
methylphenol for b), as well as one equivalent of protected aldehyde (methoxyacetaldehyde
dietheylacetal for 1, or dimethylaminoacetaldehyde diethylacetal for 2) or aldehyde (2-
imidazolecarboxaldehyde for 3, or 1-methyl-2-imidazolecarboxaldehyde for 4) were combined in
an acetic acid/sulfuric acid mixture to yield 1-4 as white solids in poor to moderate yields (24-
50%, Scheme 2.1. For ease of isolation, the dimethylamino variants were first isolated as
hydrochloride salts, 2a:-HCI and 2b-HCI, and then neutralized with base to give the desired
neutral scorpionate ligands, 2a and 2b.

Scheme 2.1: General synthetic procedure for scorpionate ligands 1-4.

OH

HO
R , O~ sto4
. RTY
o~ CH3COOH
R = Me (a), Bu (b)

R' R' = OMe (1), NMe, (2)

OH
Gl 0
R\
+ NN
N CH3COOH
O A \-R R = Me (a), fBu (b)
\—/ R'=H (3), Me (4)
The 'H NMR spectra of compounds 1-4 exhibited several diagnostic peaks that

confirmed the presence of the proposed structures. All eight scorpionate ligands showed the

disappearance of the hydrogen ortho to the phenol moiety, as well as the loss of its coupling to

the adjacent meta-hydrogen. Moreover, the appearance of a triplet between 4.5 and 5.1 ppm

(CH-CH>) in 1a-b and 2a-b, as well as a doublet between 3.0 and 3.8 ppm (CH-CH>) indicated

that the methoxy and dimethylamino “tails” had been incorporated. For 3a-b and 4a-b, on the
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other hand, the appearance of a singlet between 5.7 and 6.0 ppm (tertiary carbon) revealed that

the imidazolyl and N-methylimidazolyl functionalities had been installed.
e B 1
1 o 1“' %
Grg
/1 -

Figure 2.3: ORTEP3 representation (thermal ellipsoids at 50% probability) and
atom numbering for: a) 2a, most of the hydrogens are omitted for clarity; and b)
4b, most of the hydrogens are omitted for clarity.

7]

8 -.'.'_"

In addition to NMR experiments, compounds 2a and 4b were characterized in the solid
state utilizing single crystal X-ray diffraction (Figure 2.3Error! Reference source not found.).
In both tridentate ligands, the central tertiary carbon linking the two phenol moieties and the
“tail” functionality (dimethylamino in 2a; N-methylimidazolyl in 4b) adopts a distorted
tetrahedral geometry (for notable bond lengths and angles see Table 2.1). The C-C-C bond
angles are all larger than the optimal 109.5° angle for a perfect tetrahedron, with values of
112.9(6)°, 111.0(6)°, and 111.8(6)° in 2a, as well as 110.8(2)°, 117.8(4)°, and 114.3(4)° in 4b,
for C(3)-C(1)-C(9), C(2)-C(1)-C(9), and C(2)-C(1)-C(3), respectively. This is likely due to steric
strain between the three large substituents. In order to compensate for these larger bond angles,
the C-C-H bond angles are all compressed below 109.5°. Interestingly, while the largest C-C-C
bond angle for the tertiary carbon in 2a, 112.9(6)°, is between the two largest substituents (the
phenol groups), in 4b this is actually the smallest C-C-C bond angle for the tertiary carbon,

110.8(2)°. This disparity can be attributed to the difference in hydrogen bonding exhibited by the
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two scorpionate species (Figure 2.3). In 2a, both inter- and intramolecular hydrogen bonding
occurs: one hydroxyl group is hydrogen bonded to the dimethylamino moiety (H(2)---N(1), 1.67
A, intramolecular), whereas the other hydroxyl group is hydrogen bonded to the oxygen of an
adjacent molecule (H(1a)---O(2), 1.94 A, intermolecular). As such, in the solid state 2a forms
hydrogen bonded dimers where the ligand donors (O(1), O(2), and N(1)) are oriented in roughly
the same direction as the tertiary carbon’s C(1)-H(1) bond. For 4b, in contrast, only
intramolecular hydrogen bonding can be seen: one hydroxyl functionality is hydrogen bonded to
the imdazole nitrogen (H(2)--N(1), 1.56 A), while the other hydroxyl is hydrogen bonded to the
oxygen atom of the adjacent phenol (H(1a) ---O(2), 1.82 A). It is believed that the interaction
between the two hydroxyl groups in 4b compresses the C(3)-C(1)-C(9) bond angle, which is why
it is smaller than the other C-C-C bond angles discussed above. Additionally, it is hypothesized
that the zert-butyl groups in 4b prevent hydrogen bonded dimers from forming. For 2a, the
methyl groups ortho to the phenol groups point towards each other in adjacent molecules and
increased steric bulk in these positions could disrupt intermolecular hydrogen bonding.

Table 2.1: Selected bond lengths (A) and angles (deg) for 2a and 4b.

2a 4b

Bond Lengths (A)
C(1)-C(2) 1.542(9) 1.513(4)
C(1)-C(3) 1.515(9) 1.542(4)
C(D-C(9) 1.537(6) 1.541(4)
C()-H(1) 0.99(6) 0.99
H(la)O(2) 1.94 1.82
H(2)~N(1) 1.67 1.56
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Bond Angles (deg)

C(2)-C(1)-C(3) 111.8(6) 114.3(4)
C(2)-C(1)-C(9) 111.0(6) 117.8
C(3)-C(1)-C(9) 112.9(6) 110.8
C(2)-C(1)-H(1) 108.0(4) 104.3
C(3)-C(1)-H(1) 105.8(4) 104.1
C(9)-C(1)-H(1) 106.8(3) 103.8
O(1)-(H1a)-0(2) 162.3 175.0
0(2)-H(2)-N(1) 163.4 162.8

The modular nature of the synthetic procedure outlined above (Scheme 2.1) is
particularly exciting as it represents a general route for accessing a wide variety of scorpionate
ligands using commercially available reagents where the steric and electronic properties of the
targeted species can be readily varied. A wide range of “tail” groups were tolerated, including
imidazolyl, amino, and ethereal functionalities, and it is hypothesized many other groups will be
tolerated as well. As such, the donating ability of the hemi-labile donor can be easily tuned to
increase or decrease binding strength. Moreover, the scope of this reaction was not limited to
free aldehydes as protected aldehydes could also be utilized. A limitation of this procedure,
however, is that a strong acid is needed to facilitate the Friedel-Crafts alkylation, which
precludes the used of acid-sensitive functionalities.

With respect to the phenol starting materials, reagents with methyl and zerz-butyl
substituents ortho to the hydroxyl groups were successfully utilized. This suggested that the
formation of the tridentate compounds was relatively insensitive to steric encumbrance in those

positions, and that a wide variety of alkyl substituents would be tolerated. This provides a
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convenient avenue for varying the bulkiness of the targeted scorpionate compounds by simply
changing the nature of the phenol starting materials. It should be noted, though, that initial
attempts to utilize phenols with electron rich aryl groups ortho to the hydroxyl moieties were
unsuccessful. It is likely that the increased conjugation decreased the nucleophilicity of phenol
ring, which prevented the reaction from proceeding.

Scheme 2.2: General synthetic procedure for scorpionate complexes 5-8.

HO
e <

Toluene
R R = Me (a), tBu (b)
= OMe (5), NMe,, (6)

R
HO
P we
R _—
OHN/ N/R' Toluene
\/ R = Me (a), tBu (b)

R'= H (7), NMe, (8)

Synthesis and characterization of aluminum complexes 5-8

In order to probe the binding mode of compounds 1-4, the scorpionate ligands were
combined with triethylaluminum and the resulting complexes were characterized. The bisphenol
species were cleanly deprotonated at room temperature in benzene leading to the evolution of
ethane gas and the formation of four-coordinate aluminum complexes, 5-8, which could be
isolated as white solids in poor to good yields (27-83%, Scheme 2.2). The only exception was
4b, which initially formed an asymmetric, mono-deprotonated aluminum intermediate with two
ethyl groups and only one phenolate donor bound to the metal center, as determined by 'H NMR

spectroscopy. Heating this species at 70°C, however, yielded the desired product, 8b.
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The 'HNMR spectra of compounds 5-8 (except 5a which will be addressed separately
below) all showed characteristic peaks that were shifted from the free ligand forms. Additionally,
the absence of the hydroxyl signals between 10 and 11 ppm was notable, as was the presence of
ethyl peaks: a triplet between 1.4 and 1.7 ppm (Al-CH2CH5), as well as a quartet between 0.3
and 0.8 ppm (Al-CH>CH3).

In addition to NMR spectroscopy, complexes 5a, 6a-b, 7a-b, and 8a were characterized
in the solid state utilizing single crystal X-ray diffraction (Figure 2.4). The solvent and most to
all of the hydrogens are omitted for clarity in Figure 2.4. In all six structures, the aluminum
centers adopted distorted tetrahedral coordination geometries. Unlike the other five compounds,
however, Sa formed dimeric species where the ethereal “tail” of the scorpionate ligand was not
bound to aluminum. Instead, a phenoxide donor bridged between two metal centers generating a
diamond shaped core with bond angles of 99.78(9)° and 80.22(9)° for Al(1)-O(1)-Al(1)* and
O(1)-Al(1)-O(1)*, respectively, as well as an Al(1)-Al(1)* distance of 2.819(2) A. Additionally,
the O(1)-Al(1)-O(2) angle was slightly compressed, 109.0(1)°, likely because of the bidentate
binding mode of 1a. All of the O-Al-C bond angles, in contrast, were significantly larger than the
optimal 109.5° angle for a perfect tetrahedron: 112.2(2)°, 118.9(2)°, and 121.2(2)° for O(1)-
Al(1)-C(1E), C(1E)-Al(1)-O(1)*, and O(2)-Al(1)-C(1E), respectively. It is hypothesized that the
weaker binding ability of the methoxy group, as well as the sterically unencumbered methyl
substituents ortho to the oxygen donors allowed this structure to form. Interestingly, the
asymmetric binding mode of the bisphenolate ligand in Sa is similar to the protonated ligand 2a
in the solid state, in that the oxygen donors, O(1), O(2), and O(3), are all oriented in roughly the

same direction as the tertiary carbon’s C-H bond, C(1)-H(1). As such, the C-C-H and C-C-C
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bond angles for the tertiary carbon in 5a are similar to those seen in 2a (for notable bond lengths

and angles see Table 2.2).
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Figure 2.4: ORTEP3 representation (thermal ellipsoids at 50%
probability) and atom numbering for: a) Sa; b) 6a; ¢) 6b; d) 7a;
and e) 7b; f) 8a.

Table 2.2: Selected bond lengths (A) and angles (deg) for 5a.“

Al(1)-Al(1)
Al(1)-0(1)
Al(1)-O(1)
Al(1)-02)

Al(1)-C(1E)

AI(1)-O(1)-Al(1)
0(1)-Al(1)-0(1)
0(1)-Al(1)-0(2)
O(1)-Al(1)-0(2)°

0(1)-Al(1)-C(1E)
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Sa

Bond Lengths (A)
2.819(2)

1.854(2)

1.832(2)

1.713(2)

1.941(4)

Bond Angles (deg)
99.78(9)°
80.22(9)°
109.0(1)°
108.0(1)°

112.2(2)°



O(1)-Al(1)-C(1B) 118.9(2)°

0(2)-Al(1)-C(1E) 121.2(2)°
C(2)-C(1)-C(3) 111.02)
C(2)-C(1)-C(9) 112.2(2)
C(3)-C(1)-C(9) 111.7(2)
C(2)-C(1)-H(1) 107.2
C(3)-C(1)-H(1) 107.2
C(9)-C(1)-H(1) 107.2

“ The asymmetric unit of Sa only includes half of the dimeric species, and as such the
labels for both halves of the dimer are identical.

b This bond length describes the Al-O bond distance to the oxygen donor from the half of
the dimer not displayed in the asymmetric unit.

¢ This bond angle describes the O-Al-C bond angle with the oxygen donor from the half
of the dimer not displayed in the asymmetric unit.

4 This bond angle describes the O-Al-C bond angle with the oxygen donor from the half
of the dimer not displayed in the asymmetric unit.

While Sa is dimeric in the solid state, in solution the structure appears to be somewhat
dynamic. The "H NMR spectrum showed multiple compounds in solution, with the monomeric
complex as the major species. It is believed that the hemilabile “tail” is bound to the metal in this
monomeric structure due to the symmetric environment of the scorpionate ligand, in contrast to
the asymmetric binding mode seen in the crystal structure. Additionally, similar chemical shifts
were seen for this major species and 5b; both complexes displayed characteristic peaks that were

shifted from the free ligand forms including an overlapping doublet and triplet between 3.67 and
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3.72 ppm (for CH-CH>» and CH-CHp> in the tail functionality). The other unidentified compounds
in solution are hypothesized to be dimers, trimers, and other clusters, but due to their relatively
low concentrations, full characterization was not possible. It should also be noted that identical
"H NMR spectra were obtained using single crystals suitable for X-ray diffraction and
amorphous powders obtained through precipitation. This suggests that the various compounds in
solution are in equilibrium with each other and can interconvert at room temperature. This is
likely due the lability of the methoxy group, as well as the sterically unencumbered methyl
substituents ortho to the phenolate donors. Analogous behavior was not seen for Sb, which we
attribute to the bulkiness of the ters-butyl groups preventing bridging of the phenolate donors.

In contrast to Sa, the crystal structures of complexes 6a, 6b, 7a, 7b, and 8a were all
monomeric in nature, with the scorpionate ligand adopting a tridentate binding mode (Figure
2.4). The Al(1)-N(1) bond distances were 1.981(6), 1.967(4), 1.909(3), 1.92(4) and 1.909(9) A
for 6a, 6b, 7a, 7b and 8a, respectively, which followed expected trends. The stronger imidazole
donors formed shorter bonds with the metal in comparison to the weaker dimethylamino donors.
Within the imidazole donors, the bulkier 7b had a longer bond due to the larger steric
hinderance. When considering the coordination geometry about the aluminum center, the O(1)-
AI(1)-N(1) and O(2)-Al(1)-N(1) bond angles were both significantly compressed (likely due to
the tridentate binding mode of the scorpionate ligands), whereas the O(1)-Al(1)-O(2) bond angle
was much more open (see Table 2.3). The only exception was 7a-b, which had a significantly
smaller O(1)-Al(1)-O(2) bond angle of 102.7(2)° and 106.3(8)° respectively. It is unclear why
7a-b was such an outlier, but this could be due to crystal packing effects. In order to compensate
for these smaller bond angles, the N(1)-Al(1)-C(1E), O(1)-Al(1)-C(1E), and O(2)-Al(1)-C(1E)

bond angles were all larger than 109.5°. Notably, the coordination mode of the bisphenolate
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ligands in 6a, 6b, 7a, 7b, and 8a is somewhat similar to the protonated ligand 4b in the solid
state, in that the oxygen and nitrogen donors, O(1), O(2), and N(1), are all oriented in the
opposite direction of the tertiary carbon’s C-H bond, C(1)-H(1). As such, the C-C-H and C-C-C
bond angles for the tertiary carbon in 6a, 6b, 7a, 7b, and 8a are fairly similar to those seen in 4b
(for notable bond lengths and angles see Table 2.3).

Table 2.3: Selected bond lengths (A) and angles (deg) for 6a-b, 7a-b, and 8a.

6a 6b 7a 7b 8a

Bond Lengths (A)
Al(1)-N(1) 1.981(6) 1.967(4) 1.909(3) 1.92(4) 1.909(9)
Al(1)-0(1) 1.738(6) 1.726(4) 1.734(3) 1.72(6) 1.730(6)
Al(1)-0(2) 1.735(6) 1.725(3) 1.750(3) 1.76(6) 1.732(6)
Al(1)-C(1E) 1.996(9) 1.947(4) 1.942(4) 1.92(4) 1.95(1)

Bond Angles (deg)
O(1)-Al(1)-N(1) 103.7(3) 102.2(2) 100.3(2) 103.1(8) 101.5(4)
0(2)-Al(1)-N(1) 98.6(3) 98.6(2) 104.5(2) 95.2(6) 99.8(6)
O(1)-Al(1)-0(2) 111.7(3) 110.4(2) 102.7(2) 106.3(8) 109.5(4)
N(1)-Al(1)-C(1E) 113.5(3) 112.8(3) 114.6(2) 116.2(8) 115.0(5)
O(1)-Al(1)-C(1E) 112.0(3) 116.7(3) 116.3(2) 116.3(3) 115.1(5)
0(2)-Al(1)-C(1E) 115.9(3) 114.1(3) 116.3(2) 116.6(4) 114.1(4)
C(2)-C(1)-C(3) 116.9(6) 116.6(4) 115.3(3) 110.1(5) 115.4(6)
C(2)-C(1)-C(9) 114.6(6) 115.5(3) 111.9(3) 119.3(1) 115.1(6)
C(3)-C(1)-C(9) 114.4(6) 114.8(3) 116.5(3) 113.4(4) 113.8(6)
C(2)-C(1)-H(1) 102.7 102.2 103.7 104.0(0) 103.4
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C(3)-C(1)-H(1) 102.7 102.2 103.7 103.9(6) 103.4

C(9)-C(1)-H(1) 102.7 102.2 103.7 104.1(0) 103.5

ROP of &-CL.

Previously, four- and five-coordinate aluminum alkyl complexes have been used to affect
the polymerization of cyclic esters in the presence of a co-catalyst, usually benzyl alcohol or iso-
propanol (BnOH or iPrOH). To the best of our knowledge, though, very few aluminum alkyl
species are catalytically active for these types of transformations without the use of an alcohol
activator.*”-’8” With complexes 5-8 in hand, their activity for the ROP &-CL was explored under
various conditions (Scheme 2.3). According to the standards for e-CL ROP established by
Redshaw et al. these scorpionate complexes displayed moderate to good catalytic efficiencies.

Scheme 2.3: ROP of e-caprolactone utilizing aluminum alkyl complexes.

O
1 mol % Al cat., o
O 1 mol % ROH, W
o,

toluene, A

Table 2.4: ROP of g-caprolactone using 6a.”

Catalyst [Al]:[ROH]: ROH  Temp. Conv. Mn Mn Mw/Mn
[e-CL] (°C) (%)? (g/mol)°  (g/mol)?
6a 1:0:100 N/A rt 1 N/A N/A N/A
6a 1:0:100 N/A 50 7 N/A N/A N/A
6a 1:0:100 N/A 110 99 N/A 109455 1.98
6a 1:1:100  EtOH rt 35 5220 5547 1.18
6a 1:1:100  EtOH 50 97 14199 16931 1.28
6a° 1:1:100  EtOH 50 89 14542 16550 1.36
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6a 1:1:100 iPrOH rt 46 6262 7860 1.35

6a 1:1:100 iPrOH 50 98 11817 16038 1.35
6a° 1:1:100 iPrOH 50 99 12330 18063 1.41
6a° 1:10:100 iPrOH 50 83 1658 1863 1.51

“ Conditions: Toluene, 1 M e-CL, 1 hr. All entries are the average of multiple runs with a
standard deviation <2.5%.

b Conversions determined by '"H NMR spectroscopy following established
procedures.?!#2

¢ Molecular weights determined by 'H NMR spectroscopy following established
procedures.?!#2
4 Molecular weights determined by GPC/SEC.

¢ The alcohol was added to the aluminum species and stirred for 5 min. prior to addition

of e-CL in order to pre-activate the catalyst.

Initial catalytic studies were performed using 6a, as the dimethylamino complex was
anticipated to display intermediate activity between 5, with weakly bound ethereal groups, and 7-
8, with strongly bound imidazole functionalities. A catalyst to substrate ratio, [Al]:[e-CL], of
1:100 was used, and reactions were allowed to proceed for one hour. In particular, the effects of
temperature and the type of alcohol activator utilized were investigated (Table 2.4). In the
absence of a co-catalyst, little to no polymerization was observed at room temperature and at
50°C, as expected. However, if the temperature was increased to 110°C in toluene, near
complete polymerization was observed after one hour and high molecular weight species were
generated (discussed further below). It is hypothesized that the high temperatures were needed to

overcome the large kinetic barrier associated with a 1,2-migratory insertion of an alkyl group
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into an ester carbonyl functionality. Once this step was completed, however, a significantly more

active aluminum-alkoxide intermediate was formed, which rapidly performed ROP (Figure 2.5).

_/ slow fast
Al —_— Al — Al-OR —— AI-OR ——

. AN b —
oﬁ( opit oM —
} 1o

Figure 2.5: Proposed slow activation by aluminum-alkyl complexes followed by rapid
ROP of ¢-CL by alkoxide intermediates.

When an alcohol co-catalyst was utilized, the catalytic activity of 6a increased greatly.
This was evident from the 35 and 46 % conversions observed at room temperature when
activating the alkyl species with one equivalent of EtOH or iPrOH, respectively. At higher
temperatures of 50°C, on the other hand, the ROP reactions proceeded to completion, with 97
and 98% conversions for EtOH and iPrOH, respectively. Interestingly, the less sterically
hindered and more acidic EtOH co-catalyst gave products with higher molecular weights than
predicted for a polymer with 100 monomer subunits in comparison to iPrOH (theoretical M, =
11414 g/mol). This suggested that EtOH may have caused partial decomposition of the
aluminum alkyl pre-catalyst. This hypothesis was further supported when 6a was pre-activated
with alcohol prior to e-CL addition. The lower polydispersity, though, suggests that EtOH more
uniformly activated 6a compared to iPrOH, likely due to the increased steric hinderance of
iPrOH. For iPrOH very similar results were seen with and without pre-activation, but for EtOH,
pre-activation gave increased polymer molecular weights, higher polydispersity, and lower
catalytic conversions (likely due to increased amounts of pre-catalyst decomposition before
substrate addition). It was also found that if more than one equivalent of iPrOH was utilized as a
co-catalyst, the excess alcohol acted as a chain transfer agent and very short oligomers were

formed with a higher polydispersity.
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Once ROP conditions were optimized with 6a, the catalytic activities of all the aluminum
scorpionate complexes 5-8 were explored (Table 2.5). When no co-catalyst was used, the results
seen for 5-8 were similar to those obtained with 6a, as discussed above. In general, no
polymerization was observed at room temperature or at 50°C, but once temperatures reached
110°C, nearly full conversion was achieved over a one-hour period. Moreover, all the products
generated under these conditions had high molecular weights and polydispersity index between
1.63 and 2.35. There were two notable outliers to this trend, however: Sb, which was unusually
active, and 6b, which was unusually inactive. For 5b, 62% conversion was observed at 50°C,
whereas for 6b only 49% conversion was seen at 110°C. The reasons for these discrepancies are
currently unclear, but the weak donating ability of the hemilabile “tail” in Sb could lead to
increased catalytic activity for this species. It might be expected that Sa should also exhibit
increased catalytic activity, but due to its dynamic structure in solution (forming dimers, trimers,
and other clusters) it is possible that these species are inactive and slow down catalysis. In fact,
even with the addition of /PrOH, 5a showed lower activity than initially anticipated based on the
binding strength of the ethereal “tail” (see below). 6b, on the other hand, is the most sterically
hindered complex of the scorpionate series, which could explain its poor catalytic activity under
these conditions. For Sa, Sb, and 6b the molecular weight was between 109,455 and 137,815
indicate only a small fraction of the catalyst was active. Interestingly, Sa had the lowest
polydispersity, suggesting that the small percentage of activated species were more uniformly
activated compared to Sb which is more sterically hindered. The steric and donating effects in
catalysts 7-8 had minimal effect, although the slightly reduced molecular weights in 7a and 8a

indicate that more of the species were active compared to their more sterically hindered
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analogues of 7b and 8b. There was minimal change in the polydispersity in 7-8 when no co-

catalyst was used.

Catalyst

Sa
Sa
Sa
Sa
Sa
Sa
5b
5b
5b
5b
5b
5b
6a
6a
6a
6a
6a

6a

ROH

N/A

N/A

N/A

iPrOH

iPrOH

iPrOH

N/A

N/A

N/A

iPrOH

iPrOH

iPrOH

N/A

N/A

N/A

iPrOH

iPrOH

iPrOH

Temp.

(°C)

rt

50

110

50

110

50

110

50

110

50

110

50

110

Conv.

(%)’

2

2

98

18

99

62

>99

16

96

98

99

46

98

94

51

\7 I
(g/mol)“
N/A
N/A
N/A
N/A
N/A
10618
N/A
N/A
N/A
N/A
9305
8621
N/A
N/A
N/A
6262
11817

11132

Table 2.5: ROP of g-caprolactone using 5-8.¢

Mhn
(g/mol)?
N/A
N/A
137815
N/A
N/A
21091
N/A
52048
109643
N/A
17733
14618
N/A
N/A
109455
7860
16038

15613

Mw/Mn

N/A

N/A

1.63

N/A

N/A

1.31

N/A

1.40

2.35

N/A

1.75

N/A

N/A

1.98

1.35

1.35

1.72



6b

6b

6b

6b

6b

6b

Ta

Ta

Ta

Ta

Ta

Ta

7b

7b

7b

7b

7b

7b

8a

8a

8a

8a

8a

N/A

N/A

N/A

iPrOH

iPrOH

iPrOH

N/A

N/A

N/A

iPrOH

iPrOH

iPrOH

N/A

N/A

N/A

iPrOH

iPrOH

iPrOH

N/A

N/A

N/A

iPrOH

iPrOH

50

110

50

110

50

110

50

110

50

110

50

110

50

110

50

98

14

99

48

96

98

32

99

99

69

52

N/A

N/A

N/A

N/A

N/A

9115

N/A

N/A

N/A

N/A

4854

11931

N/A

N/A

N/A

N/A

3998

10732

N/A

N/A

N/A

N/A

7669

N/A

N/A

27038

N/A

N/A

14520

N/A

N/A

34386

N/A

6009

13462

N/A

N/A

39336

N/A

4522

15453

N/A

N/A

37965

N/A

11138

N/A

N/A

1.72

N/A

N/A

1.84

N/A

N/A

1.86

N/A

1.21

1.77

N/A

N/A

1.78

N/A

1.30

1.72

N/A

N/A

1.82

N/A

1.14



8a iPrOH 110 95 10390 11891 1.73

8b N/A rt 0 N/A N/A N/A
8b N/A 50 0 N/A N/A N/A
8b N/A 110 95 N/A 43485 1.77
8b iPrOH rt 0 N/A N/A N/A
8b iPrOH 50 1 N/A N/A N/A
8b iPrOH 110 98 13814 15307 1.80

“ Conditions: Toluene, [Al]:[{PrOH]:[e-CL] = 1:1:100 or 1:0:100, 1 M &-CL, 1 hr. All
entries are the average of multiple runs with a standard deviation <2.5%

b Conversions determined by '"H NMR spectroscopy following established
procedures.?!#2
¢ Molecular weights determined by 'H NMR spectroscopy following established
81,82

procedures.

4 Molecular weights determined by GPC/SEC.

Once again, very similar to the results obtained with 6a, the use of i/PrOH as a co-catalyst
greatly increased the catalytic efficiency of 5-8. Moreover, when considering the molecular
weights of the products, the addition of alcohol led to clean activation of the aluminum alkyl
species, and generation of polymer chains approximately 100 monomer subunits long. When
considering the general trends seen for 5-8, the less sterically hindered complexes with methyl
substituents ortho to the phenolate donors were more active at lower temperatures when
compared to the species with fert-butyl groups in these positions. This could be attributed to
more facile binding of e-CL by the less bulky catalysts, but more studies are needed. In addition,

the aluminum complexes with more labile “tail” functionalities generally showed higher
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activities at lower temperatures. This suggests that de-coordination of one of the scorpionate
ligand arms is necessary to allow catalysis to proceed. A major outlier, however, was Sa, which
displayed lower catalytic conversions than expected at 50°C, given the binding strength of the
ethereal “tail” and the steric bulk about the metal center. As discussed above, it is hypothesized
that the multi-metallic bridging species formed in solution are responsible for these observations,
but at higher temperatures the monomeric form is favored due to entropy. Furthermore, Sb
showed slightly lower polymer chain lengths than expected, which became even shorter as the
temperature was increased to 110°C. This could be due to partial decomposition of pre-catalyst
due to the more labile tail, which would lead to a slight excess of alcohol in solution. The excess
alcohol could then act as a chain transfer agent to generate shorter polymer chains (as seen
previously with 6a when 10 equivalents of iPrOH was used). The increase to 110°C also caused
an increase in the polydispersity for 5-8, likely due to a slower reaction with iPrOH versus
insertion of caprolactone into the aluminum-alkoxide bond at 110°C. The increase in
polydispersity correlated to the thermal changes but does not correlate strongly to steric
hinderance or donating ability of the tail. The one outlier was Sa with a polydispersity index of
1.31 versus 1.72-1.84 for Sb and 6-8. It is proposed that the clusters of 5a cleanly and more
uniformly activate at 110°C than the activation of 5b and 6-8 at 110°C.

Based on the ROP results that were obtained, we propose a catalytic mechanism
involving initial formation of an aluminum-alkoxide complex, and de-coordination of the
scorpionate “tail” prior to e-CL coordination. As such, the aluminum center would alternate
between 3- and 4-coordinate intermediates, as shown in Figure 2.6 Error! Reference source not

found.. It should be noted, however, that an alternative five-coordinate pathway cannot be ruled

54



out at this time, and further mechanistic studies are needed to differentiate between possible

mechanisms.

Figure 2.6: Proposed mechanism for the ROP of ¢-CL using 5-8.

2.3 Conclusions

In summary, a family of scorpionate ligands 1-4 were synthesized using a modular
Friedel-Crafts alkylation reaction starting with commercially available reagents. The steric and
electronic properties of the targeted compounds could be readily varied, and a wide range of

“tail” groups could be incorporated, including imidazolyl, amino, and ethereal functionalities.
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This allowed the binding strength of the hemi-labile neutral donor to be easily tuned. In order to
investigate the binding modes of these ligands, they were combined with triethylaluminum to
generate tetrahedral complexes 5-8. The variable binding strength of the scorpionate “tail”
followed expected trends, with 5a forming bridging dimers in the solid state due to the weak
donating ability of the ethereal moiety, and the decreased steric bulk ortho to the phenolate
donors. Interestingly, the tridentate ligands displayed fairly flexible binding modes, with bond
angles between 98 and 112°, indicating that they should be compatible with octahedral or
trigonal bipyramidal coordination geometries. In addition, the aluminum alkyl complexes were
found to be active catalysts for the ROP of e-CL, both with and without the use of an alcohol co-
catalyst. Higher activities and cleaner activations were seen, however, when one equivalent of
iPrOH was employed. Unsurprisingly, the steric size of the scorptionate ligand as well as the
donating ability of the “tail” influenced the polymerization of e-CL. Less sterically hindered
complexes were able to polymerize e-CL with more ease, as were species with more weakly
bound neutral donors. It is believed that de-coordination of the scorpionate “tail” is required for
polymerization, and that the aluminum center alternates between 3- and 4-coordinate
intermediates during the catalytic cycle, but more studies are needed to elucidate the mechanism
of ROP with these systems.

2.4 Experimental

General Considerations. All procedures and manipulations were performed under an

argon or nitrogen atmosphere using standard Schlenk-line and glove box techniques unless stated
otherwise. Solvents were dried and deoxygenated under argon using a LC Technology Solutions
Inc. SP-1 stand-alone solvent purification system. All alcohols were dried and distilled over

activated magnesium (magnesium turnings and a crystal of iodine) under a nitrogen atmosphere.

56



Deuterated solvents were purchased from Cambridge Isotope Laboratories, Sigma Aldrich,
Acros Organics, or Alfa Aesar degassed, and dried over activated molecular sieves prior to use.
All other reagents were purchased from commercial sources and utilized without further
purification unless stated otherwise. NMR spectra were recorded at ambient temperature and
pressure using a Bruker 400 MHz spectrometer (400 MHz for 'H, and 100 MHz for '3C). The 'H
and '°C NMR spectra were measured relative to partially deuterated solvent peaks but are
reported relative to tetramethylsilane (TMS). The elemental analyses were performed at the
University of Rochester, Department of Chemistry, on a PerkinElmer 2400 Series II Analyzer.
Single crystal X-ray data for compounds 2a and 7b were collected using a Bruker Proteum
diffractometer equipped with dual CCD detectors (Apex II and Platinum 135) and a shared
Bruker MicroStar microfocus rotating anode generator running at 45 mA and 60 kV (Cu Ka A =
1.54178 A for 2a and 7b). The data collection strategy was calculated using the Bruker APEX2
software package to ensure desired data redundancy and percent completeness. Unit cell
determination, initial indexing, data collection, frame integration, Lorentz-polarization
corrections and final cell parameter calculations were carried out using the Bruker APEX2
software package. An absorption correction was performed using the SADABS. Single crystal
X-ray data for compounds 5a, 6a-b, 7a, and 8a were collected using a Rigaku XtalLAB Synergy-
S diffractometer equipped with a HyPix-6000HE Hybrid Photon Counting (HPC) detector and
dual Mo and Cu microfocus sealed X-ray source (Mo Ka A =0.71073 A for 5a; Cu Ka A =
1.54184 A for 6a-b, 7a, and 8a). The data collection strategy was calculated using CrysAlisPro
to ensure desired data redundancy and percent completeness. Unit cell determination, initial
indexing, data collection, frame integration, Lorentz-polarization corrections and final cell

parameter calculations were carried out using CrysAlisPro. An absorption correction was
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performed using the SCALE3 ABSPACK scaling algorithm embedded within CrysAlisPro. The
structures (2a, 5a, 6a-b, 7a-b, and 8a) were solved using ShelXT structure solution program
using Intrinsic Phasing and refined by Least Squares using ShelXL program. All non-hydrogen
atoms were refined anisotropically. Hydrogen atom positions were calculated geometrically and
refined using the riding model. Olex2 was used for the preparation of the publication materials.
The polymers were characterized by size exclusion chromatography (SEC) using anEcoSEC
GPC system with an RI detector from TOSOH. The column set installed in this instrument
consists of the following three columns: 2 Tosoh TSKgel SuperMultiporeHZ-M; 4.6x150 mm; 4
um; and a TSKgel SuperMultiporeHZ-M guard. The calibration range is =600 to
1,000,000daltons using either PS standards. The operating flow rates are 0.35 ml/min for both
the reference cell and the sample cell. Column temperature and detector temperature are set at 40
°C. Sample injection volume is 10 uL. Polymer solutions were prepared in THF to make a final
concentration of about 1-1.5 mg/mL. The samples were allowed to dissolve for 1-2 hours and
filtered through a 0.2 um pore size PTFE filters into autosampler vials. Some samples were
sonicated for 30sto facilitate dissolution prior to filtration. The spectra were analyzed using the
EcoSEC Analysis software

Synthesis of 1a. A mixture of 0.537 g (1 equiv., 3.62 mmol) methoxyacetaldehyde
diethylacetal and 0.885 g (2 equiv., 7.24 mmol) 2,4-dimethylphenol in 10 mL acetic acid was
stirred for 15 minutes. The solution was then cooled to 0°C and 6.6 mL of 1:3 sulfuric acid:acetic
acid was added. The reaction was allowed to stir for two days at room temperature. The reaction
was then cooled to 0°C and diluted with 20 mL H>O. The reaction was neutralized with 30 mL of
10 M NaOH, allowed to warm to room temperature, and then extracted three times using 50 mL

ethyl acetate. The organic layers were combined, then washed twice with 50 mL water, dried
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with NaxSOQsg, filtered, and concentrated in vacuo. The product was stirred in 30 mL hexanes,
isolated by filtration, and washed with an additional 20 mL hexanes to give a white solid. Yield:
0.569 g (52.4%). "TH NMR (400 MHz, C¢Ds) 8: 6.87 (s, 2H, Aromatic-CH), 6.73 (s, 2H,
Aromatic-CH), 6.14 (s, 2H, -OH), 4.78 (t, 1H, CHCHz, J = 6.2 Hz), 3.80 (d, 2H, CHCH>, J = 6.2
Hz), 2.85 (s, 3H, O-CH3), 2.12 (s, 6H, Aromatic-CH3), and 2.08 (s, 6H, Aromatic-CH3) ppm. 13C
NMR (100 MHz, C¢De) 6: 151.02 (Aromatic-C), 130.70 (Aromatic-CH), 129.49 (Aromatic-C),
126.70 (Aromatic-CH), 125.60 (Aromatic-C), 77.54 (CHCH>), 58.67 (O-CH3), 40.34 (CHCH>),
20.82 (Aromatic-CH3), and 16.36 (Aromatic-CH3) ppm. Anal. Calcd for C19H2403: C, 75.97; H,
8.05; N, 0.00. Found: C, 75.56; H, 8.20; N, 0.01.

Synthesis of 1b. A mixture of 0.541 g (1 equiv., 3.65 mmol) methoxyacetaldehyde
diethylacetal and 1.202 g (2 equiv., 7.32 mmol) 2-tert-butyl-4-methylphenol in 10 mL acetic acid
was stirred for 15 minutes. The solution was then cooled to 0°C and 6.6 mL of 1:3 sulfuric
acid:acetic acid was added. The reaction was allowed to stir for two days at room temperature.
The reaction was then cooled to 0°C and diluted with 20 mL H2O. The reaction was neutralized
with 30 mL of 10 M NaOH, allowed to warm to room temperature, and then extracted three
times using 50 mL ethyl acetate. The organic layers were combined, then washed twice with 50
mL water, dried with Na>SOs, filtered, and concentrated in vacuo. The residue was recrystallized
from cold hexanes to give a white solid. Yield: 0.355 g (25.2%). '"H NMR (400 MHz, C¢Ds) 6:
7.12 (s, 2H, Aromatic-CH), 6.76 (s, 2H, Aromatic-CH), 6.30 (s, 2H, -OH), 4.55 (t, 1H, CHCH», J
= 6.5 Hz), 3.65 (d, 2H, CHCH., J = 6.5 Hz), 2.75 (s, 3H, O-CHs), 2.13 (s, 6H, Aromatic-CHs),
and 1.51 (s, 18H, C-(CH3)3) ppm. 3C NMR (100 MHz, C¢Ds) 8: 151.63 (Aromatic-C), 138.03
(Aromatic-C), 129.15 (Aromatic-C), 128.39 (Aromatic-C), 126.99 (Aromatic-CH), 125.77

(Aromatic-CH), 78.27 (CHCH,), 58.40 (O-CHs), 39.61 (CHCH>), 34.70 (C-(CHs)3), 29.72 (C-
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(CH3)3), and 20.82 (Aromatic-CH3) ppm. Anal. Calcd for C25H3603: C, 78.08; H, 9.44; N, 0.00.
Found: C, 78.30; H, 9.61; N, 0.02.

Synthesis 2a-HCI. A mixture of 0.594 g (1 equiv., 3.68 mmol)
dimethylaminoacetaldehyde diethylacetal and 0.884 g (2 equiv., 7.24 mmol) 2,4-dimethylphenol
in 10 ml acetic acid was stirred for 15 minutes. The reaction was then cooled to 0°C and 6.6 mL
of 1:3 sulfuric acid:acetic acid was added. The reaction was allowed to stir for two days at room
temperature. The reaction was then cooled to 0°C and was diluted with 20 mL H>O. The reaction
was neutralized with 30 mL of 10 M NaOH, allowed to warm to room temperature, and then
extracted three times using 50 mL ethyl acetate. The organic layers were combined, then washed
twice with 50 mL water, dried with NaSOy, filtered, and concentrated in vacuo. The residue was
then dissolved in 50 mL methanol and 0.5 mL 12 M HCI was added. After stirring for 15
minutes the solvent was removed in vacuo. The residue was then stirred in 75 mL ether for
several hours, isolated by filtration, and washed with 20 mL ether to give a white powder. Yield:
0.582 g (45.9%). 'H NMR (400 MHz, DMSO-ds) 3: 9.30 (s, 1H, -NH), 8.48 (s, 2H, -OH), 6.88
(s, 2H, Aromatic-CH), 6.81 (s, 2H, Aromatic-CH), 5.18 (t, 1H, CHCH», J = 7.4 Hz), 3.70 (d, 2H,
CHCH,, J=17.4 Hz), 2.75 (s, 6H, N-(CH3)2), 2.16 (s, 6H, Aromatic-CH3), and 2.15 (s, 6H,
Aromatic-CHs) ppm. 3C NMR (100 MHz, DMSO-ds) &: 150.50 (Aromatic-C), 130.41
(Aromatic-CH), 128.61 (Aromatic-C), 127.96 (Aromatic-C), 126.80 (Aromatic-CH), 125.66
(Aromatic-C), 59.79 (CHCH>), 43.48 (N-(CH3)2), 34.03 (CHCH>), 20.94 (Aromatic-CH3), and
17.32 (Aromatic-CH3) ppm. Anal. Calcd for [C20H28CINO2]0.25[H20]: C, 67.78; H, 8.11; N,
3.95. Found: C, 67.45; H, 8.21; N, 3.96.

Synthesis of 2b-HCI. A mixture of 0.584 g (1 equiv., 3.62 mmol)

dimethylaminoacetaldehyde diethylacetal and 1.178 g (2 equiv., 7.17 mmol) 2-tert-butyl-4-
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methylphenol in 10 mL acetic acid was stirred for 15 minutes. The solution was then cooled to
0°C and 6.6 mL of 1:3 sulfuric acid:acetic acid was added. The reaction was allowed to stir for
two days at room temperature. The reaction was then cooled to 0°C and diluted with 20 mL HO.
The reaction was neutralized with 30 mL of 10 M NaOH, allowed to warm to room temperature,
and then extracted three times using 50 mL ethyl acetate. The organic layers were combined,
then washed twice with 50 mL water, dried with Na>SOa, filtered, and concentrated in vacuo.
The residue was then dissolved in 50 mL methanol and 0.5 mL 12 M HCI was added. After
stirring for 15 minutes, the solvent was removed in vacuo. The residue was then dissolved using
75 mL ether and stirred for several hours causing the formation of a precipitate. The solid was
isolated by filtration and washed with 20 mL ether to give a white powder. Yield: 0.622 g
(39.5%). '"H NMR (400 MHz, DMSO-ds) 8: 9.16 (s, 1H, -NH), 8.79 (s, 2H, -OH), 6.92 (s, 4H,
Aromatic-CH), 5.40 (t, IH, CHCH_, J= 7.5 Hz), 3.80 (app. t, 2H, CHCH>), 2.80 (d, 6H, N-
(CHs)2, J = 4.8 Hz), 2.21 (s, 6H, Aromatic-CH3), and 1.34 (s, 18H, C-(CH3)3) ppm. 3C NMR
(100 MHz, DMSO-ds) 8: 150.42 (Aromatic-C), 139.39 (Aromatic-C), 129.63 (Aromatic-C),
126.52 (Aromatic-C), 125.71 (Aromatic-CH), 59.58 (CHCH>), 44.16 (N-(CH3)2), 35.00 (C-
(CHa3)3), 33.56 (CHCH>»), 30.28 (C-(CH3)3), and 21.42 (Aromatic-CH3) ppm. Anal. Calcd for
C26H40CINO2: C, 71.94; H, 9.29; N, 3.23. Found: C, 71.52; H, 9.43; N, 3.21.

Synthesis of 2a. A suspension of 0.0355 g LiOH (1 equiv., 1.48 mmol) in 5 mL DCM
was added to 0.513 g MAEMP-HCI (1 equiv., 1.47 mmol) in 5 mL DCM. The solution was
stirred for 2 hours then filtered through celite. The filtrate was dried using Na>SOs, filtered, and
the solvent was removed in vacuo. The product was isolated as a white solid. Yield: 0.295 g
(64.1%). Crystals suitable for X-ray diffraction studies were grown from the slow diffusion of

pentane into a toluene solution of 2a at -30°C. 'H NMR (400 MHz, D>0) §: 6.88 (s, 2H,
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Aromatic-CH), 6.85 (s, 2H, Aromatic-CH), 5.09 (t, 1H, CHCH», J= 8.0 Hz), 3.69 (d, 2H,
CHCH,, J= 8.0 Hz), 2.82 (s, 6H, N-(CH3)2), 2.10 (s, 6H, Aromatic-CH3), 2.09 (s, 6H, Aromatic-
CH3) ppm. BC NMR (100 MHz, D,0) &: 148.77 (Aromatic-C), 131.28 (Aromatic-C), 130.68
(Aromatic-CH), 126.87 (Aromatic-C), 126.60 (Aromatic-C), 125.86 (Aromatic-CH), 60.44
(CHCH»), 43.31 (N-(CH3)2), 33.41 (CHCH>), 19.51 (Aromatic-CH3), 15.63 (Aromatic-CH3)
ppm. Anal. Calcd for C20H27NO2: C, 76.64; H, 8.68; N, 4.47. Found: C, 76.70; H, 8.95; N, 4.42.

Synthesis of 2b. A suspension of 0.0316 g LiOH (1 equiv., 1.32 mmol) in 5 mL DCM
was added to 0.567 g MAETBMP-HCI (1 equiv., 1.31 mmol) in 5 mL DCM. The solution was
stirred for 2 hours then filtered through celite. The filtrate was dried using Na>SOs, filtered, and
the solvent removed in vacuo. The product was isolated as a white solid. Yield: 0.375 g (72.1%).
'TH NMR (400 MHz, D>0) 6: 9.20 (s, 2H, -OH), 6.84 (br s, 2H, Aromatic-CH), 6.46 (s, 2H,
Aromatic-CH), 4.76 (t, IH, CHCH,, J= 5.7 Hz), 2.96 (d, 2H, CHCH>, J = 5.6 Hz), 2.33 (s, 6H,
N-(CH3)2), 2.10 (s, 6H, Aromatic-CH3), and 1.36 (s, 18H, C-(CH3)3) ppm. 3C NMR (100 MHz,
D0) 8: 152.47 (Aromatic-C), 137.94 (Aromatic-C), 132.34 (Aromatic-C), 127.31 (Aromatic-
CH), 127.01 (Aromatic-C), 125.55 (Aromatic-CH), 67.03 (CHCH>), 45.32 (N-(CHz3)>), 38.46
(CHCH»), 34.96 (C-(CHs)3), 30.29 (C-(CH3)3), and 21.39 (Aromatic-CH3) ppm. Anal. Calcd for
C26H39NOz2: C, 78.34; H, 10.12; N, 3.51. Found: C, 78.19; H, 10.05; N, 3.57.

Synthesis of 3a. A mixture of 0.325 g (1 equiv., 3.39 mmol) 2-imidazolecarboxaldehyde
and 0.877 g (2 equiv., 7.18 mmol) 2,4-dimethylphenol in 10 mL acetic acid was stirred for 15
minutes. The solution was then cooled to 0°C and 6.6 mL of 1:3 sulfuric acid:acetic acid was
added. The reaction was allowed to stir for two days at room temperature. The reaction was then
cooled to 0°C and diluted with 20 mL H>O. The reaction was neutralized with 30 mL of 10 M

NaOH, allowed to warm to room temperature, and then extracted three times using 50 mL ethyl
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acetate. The organic layers were combined, then washed twice with 50 mL water, dried with
NaxSOs, filtered, and concentrated in vacuo. The resulting residue was washed through a silica
gel plug using 5% ethyl acetate in hexanes. The silica gel plug was then washed with ethyl
acetate to elute the product. The resulting filtrate was concentrated in vacuo to give a white solid.
Yield: 0.519 g (47.5%). "TH NMR (400 MHz, DMSO-dg) &: 11.0 (br s, 3H, -OH, -NH), 7.00 (s,
2H, Imidazole-CH), 6.88 (s, 2H, Aromatic-CH), 6.75 (s, 2H, Aromatic-CH), 5.75 (s, 1H, CH),
and 2.11 (s, 12H, Aromatic-CH3) ppm. 13C NMR (100 MHz, DMSO-d¢) 8: 150.72 (Aromatic-
(), 149.64 (Aromatic-C), 129.74 (Aromatic-CH), 128.24 (Aromatic-CH), 127.52 (Aromatic-C),
126.81 (Aromatic-C), 125.16 (Aromatic-C), 120.87 (Imidazole-CH), 42.34 (CH), 21.13
(Aromatic-CH3), and 16.77 (Aromatic-CH3) ppm. Anal. Calcd for [C20H22N202]0.25[H20]: C,
73.48; H, 6.94; N, 8.57. Found: C, 73.31; H, 7.01; N, 8.71.

Synthesis of 3b. A mixture of 0.329 g (1 equiv., 3.42 mmol) 2-imidazolecarboxaldehyde
and 1.104 g (2 equiv., 6.72 mmol) 2-tert-butyl-4-methylphenol in 10 mL acetic acid was stirred
for 15 minutes. The solution was then cooled to 0°C and 6.6 mL of 1:3 sulfuric acid:acetic acid
was added. The reaction was allowed to stir for two days at room temperature. The reaction was
then cooled to 0°C and diluted with 20 mL H>O. The reaction was neutralized with 30 mL of 10
M NaOH, allowed to warm to room temperature, and then extracted three times using 50 mL
ethyl acetate. The organic layers were combined, then washed twice with 50 mL water, dried
with Na>SQg, filtered, and concentrated in vacuo. The resulting residue was washed through a
silica gel plug using 5% ethyl acetate in hexanes. The silica gel plug was then washed with ethyl
acetate to elute the product. The resulting filtrate was concentrated in vacuo to give a residue,
which was dissolved in pentane, filtered, and then dried under reduced pressure to give a white

solid. Yield: 0.337 g (24%). '"H NMR (400 MHz, DMSO-ds) &: 10.75 (s, 2H, -OH), 7.01 (s, 4H,
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Aromatic-CH), 6.88 (s, 2H, Imidazole-CH), 5.79 (s, 1H, CH), 2.12 (s, 6H, Aromatic-CH3), and
1.35 (s, 18H, C-(CH3)3) ppm. 3C NMR (100 MHz, DMSO-de) 8: 151.59 (Aromatic-C), 149.88
(Aromatic-C), 138.81 (Aromatic-C), 129.83(Aromatic-C), 129.03 (Aromatic-CH), 127.90
(Aromatic-C), 126.42 (Imidazole-CH), 121.34 (Aromatic-CH), 43.47 (CH), 35.02 (C-(CHz3)3),
30.34 (C-(CH3)3), and 21.22 (Aromatic-CH3) ppm. Anal. Calcd for CosH34N202: C, 76.81; H,
8.43; N, 6.89. Found: C, 76.59; H, 8.63; N, 6.76.

Synthesis of 4a. A mixture of 0.385 g (1 equiv., 3.50 mmol) 1-methyl-2-
imidazolecarboxaldehyde and 0.851 g (2 equiv., 6.96 mmol) 2,4-dimethylphenol in 10 mL acetic
acid was stirred for 15 minutes. The solution was then cooled to 0°C and 6.6 mL of 1:3 sulfuric
acid:acetic acid was added. The reaction was allowed to stir for two days at room temperature.
The reaction was then cooled to 0°C and diluted with 20 mL H2O. The reaction was neutralized
with 30 mL of 10 M NaOH, allowed to warm to room temperature, and then extracted three
times using 50 mL ethyl acetate. The organic layers were combined, then washed twice with 50
mL water, dried with Na>SOs, filtered, and concentrated in vacuo. The resulting oil was
dissolved in 20 mL 5% ethyl acetate in hexanes and stirred causing the formation of a
precipitate. The resulting suspension was filtered and washed with minimal hexanes to yield the
product as a white solid. Yield: 0.438 g (37.4%). 'H NMR (400 MHz, DMSO-ds) &: 10.00 (s,
2H, -OH), 7.11 (s, 1H, Imidazole-CH), 6.87 (s, 1H, Imidazole-CH), 6.84 (s, 2H, Aromatic-CH),
6.76 (s, 2H, Aromatic-CH), 5.79 (s, 1H, CH), 3.63 (s, 3H, N-CH3), 2.11 (s, 6H, Aromatic-CH3),
and 2.10 (s, 6H, Aromatic-CH3) ppm. 13C NMR (100 MHz, DMSO-d¢) &: 151.18 (Aromatic-C),
150.09 (Aromatic-C), 130.34 (Aromatic-CH), 128.71 (Aromatic-CH), 127.47 (Aromatic-C),

125.67 (Aromatic-C), 125.00 (Imidazole-CH), 121.70 (Imidazole-CH), 33.01 (N-CH3), 20.82
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(Aromatic-CH3), and 17.21 (Aromatic-CH3) ppm. Anal. Calcd for [C21H24N202]0.25[H20]: C,
73.98; H, 7.24; N, 8.22. Found: C, 74.23; H, 7.19; N, 8.19.

Synthesis of 4b. A mixture of 0.395 g (1 equiv., 3.6 mmol) 1-methyl-2-
imidazolecarboxaldehyde and 1.193 g (2 equiv., 7.3 mmol) 2-tert-butyl-4-methylphenol in 10
mL acetic acid was stirred for 15 minutes. The solution was then cooled to 0°C and 6.6 mL of
1:3 sulfuric acid:acetic acid was added. The reaction was allowed to stir for two days at room
temperature. The reaction was then cooled to 0°C and diluted with 20 mL H»O. The reaction was
neutralized with 30 mL of 10 M NaOH, allowed to warm to room temperature, and then
extracted three times using 50 mL ethyl acetate. The organic layers were combined, then washed
twice with 50 mL water, dried with Na,SOg, filtered, and concentrated in vacuo. The resulting oil
was dissolved in 20 mL 5% ethyl acetate in hexanes and stirred. The resulting solution was
filtered to yield the solid product as a white powder. Yield: 0.627 g (49%). Crystals suitable for
X-ray diffraction studies were grown from a toluene solution of 4b cooled to -30°C. "TH NMR
(400 MHz, C¢Dg) 6: 10.07 (s, 2H, -OH), 7.10 (s, 2H, Aromatic-CH), 6.91 (s, 2H, Aromatic-CH),
6.72 (s, 1H, Imidazole-CH), 5.94 (s, 1H, Imidazole-CH), 5.11 (s, 1H, CH), 2.54 (s, 3H, N-CH>),
2.15 (s, 6H, Aromatic-CH3), and 1.50 (s, 18 H, C-(CH3)3) ppm. 3C NMR (100 MHz, C¢Dy) 6:
152.32 (Aromatic-C), 149.00 (Aromatic-C), 139.84 (Aromatic-C), 128.74 (Aromatic-CH),
128.64 (Aromatic-CH), 124.92(Imidazole-CH), 120.59 (Imidazole-CH), 47.32 (CH), 34.86 (C-
(CHs3)3), 31.84 (N-CH3), 29.80 (C-(CH3)3), and 20.72 (Aromatic-CH3) ppm. Anal. Calcd for
C27H36N202: C, 77.10; H, 8.62; N, 6.66. Found: C, 76.78; H, 8.74; N, 6.65.

Synthesis of 5a. To a solution of 90.3 mg 1a (1 equiv., 0.300 mmol) in 6 mL benzene,
0.30 mL 1.0 M Al(Et); in hexanes (1 equiv., 0.30 mmol) was added and stirred 10 minutes. The

solvent was then removed in vacuo and the resulting residue was stirred in 5 mL pentane for an
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hour. The product was then isolated as a white solid by filtration and washed with minimal
pentane to give a white powder. Yield: 55.2 mg, (52.0%). Crystals suitable for X-ray diffraction
studies were grown from the slow evaporation of a benzene solution of 5a at room temperature.
TH NMR (400 MHz, C¢Ds) 6: 6.87 (s, 2H, Aromatic-CH), 6.77 (s, 2H, Aromatic-CH), 3.71-3.67
(m, 3H, CHCH,, CHCH>), 2.46 (s, 3H, O-CH5), 2.38 (s, 6H, Aromatic-CH3), 2.18 (s, 6H,
Aromatic-CHs), 1.43 (t, 3H, Al-CH,CHj3, J = 8.2 Hz), and 0.30 (q, 2H, Al-CH>CH3, J = 8.2 Hz)
ppm. 13C NMR (100 MHz, C¢Dg) 6: 154.67 (Aromatic-C), 131.26 (Aromatic-CH), 129.67
(Aromatic-CH), 129.05 (Aromatic-C), 128.59 (Aromatic-C), 126.98 (Aromatic-C), 83.61
(CHCH»), 60.80 (O-CH3), 51.71 (CHCH>), 20.64 (Aromatic-CH3), 17.38 (Aromatic-CH3), 8.81
(Al-CH2CH3), and -4.96 (Al-CH>CH3) ppm. Anal. Calcd for AlC21H2703: C, 71.17; H, 7.68; N,
0.00. Found: C, 70.81; H, 7.94; N, -0.19.

Synthesis of 5b. To a solution of 113.2 mg 1b (1 equiv., 0.30 mmol) in 6 mL benzene,
0.30 mL 1.0 M Al(Et); in hexanes (1 equiv., 0.30 mmol) was added and stirred overnight. The
solvent was then removed in vacuo and the resulting residue was stirred in 5 mL pentane for an
hour. The product was then isolated as a white solid by filtration and washed with minimal
pentane. Yield: 107 mg, (82.3%). "TH NMR (400 MHz, C¢Ds) &: 7.13 (s, 2H, Aromatic-CH), 6.78
(s, 2H, Aromatic-CH), 3.72-3.69 (m, 3H, CHCH2, CHCH>), 2.51 (s, 3H, O-CHs), 2.19 (s, 6H,
Aromatic-CHs), 1.60 (s, 18H, C-(CHs)3), 1.51 (t, 3H, Al-CH,CH3, J = 8.2 Hz), and 0.35 (q, 2H,
Al-CH,CH3, J = 8.2 Hz) ppm. 3C NMR (100 MHz, C¢Ds) &: 155.23 (Aromatic-C), 139.65
(Aromatic-C), 130.18 (Aromatic-C), 130.01 (Aromatic-CH), 127.45 (Aromatic-C), 126.79
(Aromatic-CH), 83.41 (CHCH>), 60.77 (O-CHs), 52.27 (CHCH>), 35.33 (C-(CH3)3), 30.15 (C-
(CH3)3), 20.99 (Aromatic-CH3), 8.73 (Al-CH2CH3), and -4.69 (Al-CH>CH3) ppm. Anal. Calcd

for AlC27H390s: C, 73.94; H, 8.96; N, 0.00. Found: C, 73.70; H, 9.12; N, -0.17.
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Synthesis of 6a. To a solution of 95.0 mg 2a (1 equiv., 0.30 mmol) in 6 mL benzene,
0.30 mL 1.0 M Al(Et); in hexanes (1 equiv., 0.30 mmol) was added and stirred overnight. The
solvent was then removed in vacuo and the resulting residue was stirred in 5 mL pentane for an
hour. The product was then isolated as a white solid by filtration and washed with minimal
pentane. Yield: 92.9 mg, (83.3%). Crystals suitable for X-ray diffraction studies were grown
from a toluene solution of 6a cooled to -30°C. TH NMR (400 MHz, CsDs) 6: 6.84 (s, 2H,
Aromatic-CH), 6.78 (s, 2H, Aromatic-CH), 3.71 (t, 1H, CHCH», J= 3.9 Hz), 2.66 (d, 2H,
CHCH», J=3.9 Hz), 2.37 (s, 6H, Aromatic-CH3) 2.17 (s, 6H, Aromatic-CH3), 1.68 (s, 6H, N-
(CHs3)2), 1.49 (t, 3H, Al-CHCHs3, J = 8.2 Hz), and 0.28 (q, 2H, AI-CH>CH3, J = 8.2 Hz) ppm.
13C NMR (100 MHz, CsDs) 8: 154.80 (Aromatic-C), 130.98 (Aromatic-CH), 129.62 (Aromatic-
() 129.52 (Aromatic-CH), 128.78 (Aromatic-C), 126.90 (Aromatic-C), 66.40 (CHCH>), 50.55
(CHCH»), 46.35 (N-(CH3)2), 20.68 (Aromatic-CH3), 17.32 (Aromatic-CH3), 9.44 (Al-CH2CH3),
and -4.63 (Al-CH>CH3) ppm.

Synthesis of 6b. To a solution of 236 mg 2b (1 equiv., 0.595 mmol) in 12 mL benzene,
0.60 mL 1.0 M Al(Et); in hexanes (1 equiv., 0.60 mmol) was added and stirred overnight. The
solvent was then removed in vacuo and the product was dissolved in 1 mL pentane. Upon
cooling to -30°C a precipitate formed, which was isolated by filtration and washed with 1 mL
cold pentane to give a white powder. Yield: 72.5 mg, (27.1%). Crystals suitable for X-ray
diffraction studies were grown from a pentane solution of 6b cooled to -30°C. "H NMR (400
MHz, CsDgs) 6: 7.11 (s, 2H, Aromatic-CH), 6.80 (s, 2H, Aromatic-CH), 3.72 (t, 1H, CHCH», J =
3.9 Hz), 2.60 (d, 2H, CHCH>, J=3.9 Hz), 2.19 (s, 6H, Aromatic-CH3), 1.68 (s, 6H, N-(CH3)2),
1.59 (s, 18H, C(CH3)3) 1.54 (t, 3H, AI-CH.CH3, J = 8.2 Hz), and 0.29 (q, 2H, Al-CH>CH3, J =

8.2 Hz) ppm. 13C NMR (100 MHz, C¢Ds) 6: 155.33 (Aromatic-C), 139.32 (Aromatic-C), 131.19
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(Aromatic-C), 130.11 (Aromatic-CH), 127.13 (Aromatic-C), 126.67 (Aromatic-CH), 66.20
(CHCH), 51.16 (CHCH>), 46.20 (N-(CHs)2), 35.30 (C-(CHs)3), 30.03 (C-(CH3)3), 21.02
(Aromatic-CH3), 9.27 (Al-CH2CH3), and -4.52 (Al-CH,CH3) ppm.

Synthesis of 7a. To a solution of 96.8 mg 3a (1 equiv., 0.30 mmol) in 6 mL benzene,
0.30 mL 1.0 M Al(Et); in hexanes (1 equiv., 0.30 mmol) was added and stirred overnight. The
solvent was then removed in vacuo and the resulting residue was stirred in 5 mL pentane for an
hour. The product was then isolated as a white solid by filtration and washed with minimal
pentane. Yield: 59.3 mg, (52.5%). Crystals suitable for X-ray diffraction studies were grown
from a toluene solution of 7a cooled to -30°C. TH NMR (400 MHz, CsDs) 8: 7.99 (s, 1H, -NH),
6.83 (s, 2H, Aromatic-CH), 6.81 (s, 2H, Aromatic-CH), 6.20 (s, 1H, Imidazole-CH), 5.65 (s, 1H,
Imidazole-CH), 4.45 (s, 1H, CH), 2.32 (s, 6H, Aromatic-CH3), 2.21 (s, 6H, Aromatic-CH3), 1.64
(t, 3H, AlI-CH,CH3, J = 8.2 Hz), and 0.77 (q, 2H, Al-CH,CH3, J = 8.2 Hz) ppm. 3C NMR (100
MHz, CsDgs) 6: 154.69 (Aromatic-C), 149.17 (Aromatic-C), 131.48 (Aromatic-CH), 130.22
(Aromatic-C), 129.22 (Aromatic-CH), 126.14 (Aromatic-C), 125.64 (Aromatic-C), 122.86
(Imidazole-CH), 115.39 (Imidazole-CH), 51.77 (CH), 20.24 (Aromatic-CH3), 17.15 (Aromatic-
CHs), 8.98 (Al-CH2CH3), and -4.65 (Al-CH>CH3) ppm.

Synthesis of 7b. To a solution of 119 mg 3b (1 equiv., 0.29 mmol) in 6 mL benzene, 0.30
mL 1.0 M Al(Et)3 in hexanes (1 equiv., 0.30 mmol) was added and stirred overnight. The solvent
was then removed in vacuo and the resulting residue was stirred in 5 mL pentane for an hour.
The product was then isolated as a white solid by filtration and washed with minimal pentane.
Yield: 80.2 mg, (59.2%). Crystals suitable for X-ray diffraction studies were grown from the
slow diffusion of pentane into a toluene solution of 7b at -30°C. "TH NMR (400 MHz, CsDs) 3:

7.81 (s, 1H, -NH), 7.15 (s, 2H, Aromatic-CH), 6.89 (s, 2H, Aromatic-CH), 6.21 (s, 1H,
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Imidazole-CH), 5.67 (s, 1H, Imidazole-CH), 4.56 (s, 1H, CH), 2.25 (s, 6H, Aromatic-CH3) 1.71
(t, 3H, AI-CH.CH3, J = 8.2 Hz), 1.57 (s, 18H, C-(CH3)3), and 0.72 (q, 2H, AlI-CH>CH3, J=8.2
Hz) ppm. 3C NMR (100 MHz, C¢Ds) 6: 155.81 (Aromatic-C), 149.65 (Aromatic-C), 141.13
(Aromatic-C), 130.11 (Aromatic-CH), 128.59 (Aromatic-C), 127.63 (Aromatic-CH), 126.45
(Aromatic-C), 123.17 (Imidazole-CH), 115.78 (Imidazole-CH), 52.56 (CH), 35.53 (C-(CHs)3),
30.06 (C-(CHs3)3), 20.96 (Aromatic-CH3s), 9.40 (Al-CH2CH3), and -4.22 (Al-CH2CH3) ppm.
Anal. Calcd for [AlC28H37N202]0.2[CsHi2] C, 73.33; H, 8.36; N, 5.90. Found: C, 72.92; H, 8.32;
N, 5.57.

Synthesis of 8a. To a solution of 102 mg 4a (1 equiv., 0.30 mmol) in 6 mL benzene, 0.30
mL 1.0 M Al(Et)3 in hexanes (1 equiv., 0.30 mmol) was added and stirred overnight. The solvent
was then removed in vacuo and the resulting residue was stirred in 5 mL pentane for an hour.
The product was then isolated as a white solid by filtration and washed with minimal pentane.
Yield: 76.2 mg, (65%). Crystals suitable for X-ray diffraction studies were grown from the slow
diffusion of pentane into a toluene solution of 8a at -30°C. "TH NMR (400 MHz, C¢Ds) 3: 6.88 (s,
2H, Aromatic-CH), 6.85 (s, 2H, Aromatic-CH), 6.33 (s, 1H, Imidazole-CH), 5.38 (s, 1H,
Imidazole-CH), 4.79 (s, 1H, CH), 2.39 (s, 6H, Aromatic-CH3), 2.24 (s, 3H, N-CH3), 2.21 (s, 6H,
Aromatic-CHs), 1.71 (t, 3H, Al-CHCHj3, J = 8.2 Hz), and 0.75 (q, 2H, Al-CH>CH3, J = 8.2 Hz)
ppm. 3C NMR (100 MHz, C¢Dg) 6: 155.67 (Aromatic-C), 149.40 (Aromatic-C), 131.93
(Aromatic-C), 130.74 (Aromatic-CH), 129.72 (Aromatic-CH), 126.10 (Aromatic-C), 125.29
(Aromatic-C), 121.58 (Imidazole-CH), 120.96 (Imidazole-CH), 49.95 (CH), 32.38 (N-CH3),
20.64 (Aromatic-CH3), 17.96 (Aromatic-CH3), 9.50 (Al-CH2CH3), and -4.28 (Al-CH,CH3) ppm.

Synthesis of 8b. To a solution of 128 mg 4b (1 equiv., 0.30 mmol) in 6 mL benzene, 0.30

mL 1.0 M Al(Et)3 in hexanes (1 equiv., 0.30 mmol) was added and stirred overnight at 70°C.
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The solvent was then removed in vacuo and the resulting residue was stirred in 5 mL pentane for
an hour. The product was then isolated as a white solid by filtration and washed with minimal
pentane. Yield: 84.1 mg, (59%). "TH NMR (400 MHz, CsDs) 8: 6.89 (s, 2H, Aromatic-CH), 6.33
(s, 2H, Imidazole-CH), 5.31 (s, 1H, Imidazole-CH), 4.82 (s, 1H, CH), 2.25 (s, 6H, Aromatic-
CH3;), 2.18 (s, 3H, N-CH53), 1.79 (t, 3H, AI-CH.CH;, J = 8.2 Hz), 1.64 (s, 18H, C(CH3)3), and
0.80 (q, 2H, Al-CH>CH3, J = 8.2 Hz) ppm. 3C NMR (100 MHz, CsDs) 8: 156.44 (Aromatic-C),
149.36 (Aromatic-C), 141.06 (Aromatic-C), 130.21 (Aromatic-CH), 128.59 (Aromatic-C),
127.08 (Aromatic-C), 125.89 (Aromatic-C), 121.22 (Imidazole-CH), 121.09 (Imidazole-CH),
50.31 (CH), 35.58 (C-(CH3)3)), 32.34 (N-CH3), 30.05 (C-(CHs)3), 21.00 (Aromatic-CH3), 9.53
(Al-CH2CH3), and -4.36 (Al-CH,CH3) ppm.

General procedure for ROP of e-CL. Stock solutions of aluminum catalyst (0.0133 M),
iPrOH (0.08 M), and &-CL (8 M) in toluene were prepared. 0.75 mL of the aluminum stock
solution was added to a Schlenk flask and cycled onto a Schlenk-line. The solution was heated
for 5 minutes at the desired temperature. 0.125 mL of the iPrOH stock solution and 0.125 mL of
the e-CL stock solution were then added. The reaction was allowed to stir at the desired
temperature for 1 hour, and then quenched with 0.35 mL of a 3% acetic acid in ether solution.
The solvent was removed in vacuo and the solid was analyzed using '"H NMR spectroscopy. The
solid was then washed with hexanes and dried for GPC-SEC analysis. The final concentrations in
the catalytic mixture were 0.01 M catalyst, 0.01 M iPrOH, and 1 M &-CL.

2.4 Selected Crystal Data, Data Collection, and Refinement Parameters

Table 2.6: Compounds 2a, 4b, 5a, and 6a.
2a 4b 5a-(CesHe) 6a-0.5(C7Hs)

empirical formula C20H27NO> C27H36N202 C27H33A103 C225H34AINO,
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FW

lattice type
space group
T,K

a, A

b, A

c, A

a, deg

p, deg

7> deg

v, A

Z

pcalc/ Mg m™

u(Cu/Mo, Ko) mm™!

F(000)

cryst size, mm?>

range 0 collected, deg

reflns
collected/unique

abs cor

313.42
triclinic
P-1

200
8.856(1)
10.263(2)
11.695(2)
106.43(1)
106.39(1)
106.89(1)
895.4(2)

2

1.162
0.580 (Cu)
340

0.07 x 0.03 x
0.01

4.294 to
70.082

11116/2225

420.58
triclinic
P-1

150(1)
8.5063(4)
9.4462(4)
15.3065(9)
90.368(4)
105.880(4)
92.076(4)
1182.02(9)
2

1.182
0.576 (Cu)
456
0.24x0.15x
0.08

3.002 to
77.216

18435/4648

Semi-empirical from equivalents

71

432.51
triclinic
P-1

100(1)
9.3659(6)
11.3066(6)
12.7160(9)
114.544(6)
94.983(6)
94.895(6)
1209.3(2)
2

1.188
0.109 (Mo)
464
0.40x0.13x
0.06

1.998 to
33.481

23722/6980

413.51
orthorhombic
P21212;
100(1)
14.1132(6)
17.5444(6)
18.9129(6)
90

90

90

4683.0(3)

8

1.173
0.908(Cu)
1784
0.41x0.11x
0.01

3.436 to 77.364

35927/9333



Max and min transmn
coeff.

goodness of fit
Ri(I>25(1))*

wR> (all data)”

peak and hole, e A

0.7533 and

0.6544

1.044

0.0460

0.1264

0.187 and -

0.173

1.0000 and

0.7636

1.030

0.0387

0.1027

0.271 and -

0.250

1.000 and

0.702

1.055

0.0441

0.1314

0.635 and -

0.376

1.0000 and

0.5883

1.057

0.0412

0.1102

0.456 and -0.395

“ Definition of R indices: R1 = X(Fo — Fc)/E(Fo); wRz = [E[w(Fo? — Fc?)*/[ Z[w(Fo?)?]]?

empirical formula
FW

lattice type
space group
T,K

a, A

b, A

c, A

a, deg

p, deg

y> deg

v, A3

Table 2.7: Compounds 6b, 7a, and 8a.

6b

CorsHar AINO»

451.60
monoclinic
P12i/nl
200(1)
9.1905(3)
14.1181(3)
20.6824(3)
90
91.110(3)
90

2683.1(1)

7a-(C7Hs)
C29H33AIN202
468.55
monoclinic
P12i/cl
200(1)
10.6313(3)
19.0072(6)
13.1128(3)
90
103.709(3)
90

2574.2(1)
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7b-0.5(C7Hs)
C315H41AIN20;
506.64
monoclinic
Cl12/cl
199(9)
26.6686(15)
26.9237(14)
17.9976(10)
90
108.690(4)
90

12241.1(12)

8a:0.5(C7Hs)
Ca6.5sH31AIN20;
436.51
monoclinic
P12i/nl
200(2)
8.824(2)
13.722(2)
20.238(4)
90
90.33(2)
90

2450.3(9)



Z

pcalc/ Mg m™

u(Cu/Mo, Ko) mm™!

F(000)

cryst size, mm?>

range 0 collected,

deg

reflns
collected/unique
abs cor

Max and min
transmn coeff.
goodness of fit
Ri(I>20(1))*

wR> (all data)”

peak and hole, e A

4
1.118

0.827 (Cu)
984

0.37 x 0.25 x
0.14

3.791 to
77.339

24920/5258

1.000 and
0.325
1.074
0.0464
0.1319
0.452 and -

0.477

4
1.209

0.902 (Cu)
1000

0.33 x 0.04 x
0.03

4.178 to 77.240

33309/4859

1.000 and
0.501

1.101
0.0424
0.1197
0.292 and -

0.296

16
1.100

0.789 (Cu)
4368

0.083 x 0.077 x
0.02

2.398 to 70.289

39225/6921

0.7534 and
0.5876
1.021
0.0697
0.2302

0.305 and -0.449

4
1.183
0.910(Cu)
932

0.20 x 0.04 x
0.02

2.183 to 70.249

19390/3459

0.7533 and
0.5607
1.042
0.0608
0.1776
0.400 and -

0.243

“ Definition of R indices: R1 = L(Fo — Fc)/2(Fo); wRa = [Z[W(Fo? — F)?V/[ Z[w(Fo*)*1]"?
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Chapter 3 - Molybdenum and Tungsten Alkylidene Complexes

3.1 Olefin Metathesis

Olefin metathesis is a powerful reaction for the formation of new alkene bonds, as shown
in Figure 3.1. This is achieved through the exchange of alkylidene fragments.'* A transition
metal complex is needed to act as a catalyst for this reaction. Specifically, a metal carbene

complex is needed, denoted by [M] in Figure 3.1.

G M &

Figure 3.1: Olefin cross metathesis.

The generally accepted mechanism of olefin metathesis is shown in Figure 3.2.% The
cycle starts with the metal carbene in 4. An olefin with substituents R3 and R4 then binds to the
metal carbene complex and a metallocyclobutane intermediate is formed in C with substituents
R1, R3, and R4 in the four-membered ring. This step will only happen if there is an open site cis
to the carbene on the metal. This open cis site allows for the olefin to react with the
nucleophiliccarbene to form the metallocyclobutane ring. In transition state D, the ring starts to
cyclorevert. The original R group on the carbene is starting to form an alkene bond to the carbon
with the substituent group R4. Once cycloreversion is complete, the new structure E contains a
newly formed carbene complex containing the R3 substituent group, while an olefin with
substituents R; and R4 is generated. Similar then to intermediate C, in intermediate G, another
new olefin, this time with substituent groups Ri and R forms a metallocyclobutane intermediate.

This structure then starts to cyclorevert through transition state H. The olefin with substituents R»
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and Rj3 is then formed along with the original metal carbene with the substituent Ry to complete

the cycle.

By H B L™
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Figure 3.2: Mechanism of olefin metathesis.

3.2 The Fischer-Tropsch Process and Alkane Metathesis

The Fischer-Tropsch process is a method used by industry to produce linear alkanes from
syngas, a mixture of hydrogen and carbon monoxide. This is a large-scale route for producing
high grade diesel and other fuels for consumption.* Syngas can be derived from renewable
biomass, which is a more sustainable approach to producing fuels. Syngas is converted into #n-
alkanes through a stepwise chain growth process involving a catalyst. The desired products from
the Fischer-Tropsch process are the C9-C19 range of linear alkanes, but due to the stepwise
chain growth mechanism, a highly disproportionate number of alkanes in the C4-C8 range are

formed, Figure 3.3.
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Figure 3.3: Alkane distribution from Fischer-Tropsch process.

Upgrading the alkanes in the C4-C8 range to diesel fuels would increase the efficiency of
the Fischer-Tropsh process and make sustainable biofuels much more viable. One approach to
transform shorter chain alkanes into longer chain alkanes is through a process called alkane
metathesis. This method utilizes iridium pincer C-H activation catalysts in conjunction with
olefin metathesis catalysts, Figure 3.4.> The iridium species activate the alkanes generating
alkenes and iridium hydrides, while the olefin metathesis catalysts clip together the alkenes to
form longer alkenes and ethylene gas. These are subsequently hydrogenated by the iridium

hydrides, completing the catalytic cycle, Figure 3.4.
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metathesis Y [Mo] or [W]
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Figure 3.4: Alkane metathesis and potential side reactions.



3.3 Current Olefin Metathesis Catalysts

Currently two main types of olefin metathesis catalysts are used for olefin metathesis,
Schrock-type and Grubbs-type catalysts, Figure 3.5. Schrock-type catalysts are based on the
early transition metals molybdenum and tungsten with variable imido, alkoxide, and carbene
ligands. These variable ligands allow Schrock-type catalysts to be highly selective and highly
active. The drawback of Schrock-type catalysts is the use of early transition metals which makes
the compounds highly air- and moisture- sensitive.”® Grubbs-type catalysts use ruthenium, a late
transition metal, and employ less variable ligands. The use of a late transition metal allows the
catalysts to be more stable to air and water as well as more functional group tolerant, but the

non-variable ligands make the catalysts less selective.”!°

Figure 3.5: Examples of Schrock-type (left) and Grubbs-type (right) olefin metathesis
catalysts.

One issue for alkane metathesis is that the activation of the alkanes by the iridium pincer
complexes requires temperatures above 125°C. This poses a problem as current olefin metathesis
catalysts readily decompose at these temperatures. Olefin metathesis catalysts also begin to
decompose under ethylene gas, an intermediate of alkane metathesis.!!"!? This decomposition
causes the formation of unwanted by-products as well as low turnover numbers.

The Schrock group has attempted to increase the stability of their catalysts in order to
withstand the temperatures required for alkane metathesis. The method used was to utilize

bidentate and tridentate ligands to stabilize the metal complexes at higher temperatures and to
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reduce catalyst decomposition through biomolecular decomposition and hydride transfer
mechanisms.

The first attempt utilized a dianionic biphenolate pincer ligand. As discussed in Chapter 1
of this thesis, pincer ligands are very stable and lead to thermally stable metal complexes due to
their rigid structure.'*~!* Sues and coworkers used a [ONO]* ligand, Figure 3.6, to form
complexes with the structure Mo(NCeFs)(CHCMe,Ph)(ONO) and W(O)(CHCMe,Ph)(ONO). !¢
When these complexes were reacted with ethylene, they produced six-coordinate
metallocyclobutane species Mo(NCeFs5)(CH2CH2CH2)(ONO) and W(O)(CH2CH2CH2)(ONO),
which could be isolated. These octahedral geometries made it difficult for the metal complexes
to undergo the cycloreversion step of olefin metathesis and it has been suggested that five-
coordinate trigonal bipyramidal structures are needed for cycloreversion and olefin release.!%!"1

Since the [ONO]* ligand was rigid, the metallocyclobutane intermediates could not adopt a five-

coordinate trigonal bipyramidal structure to allow for efficient catalysis.

Figure 3.6: Molybdenum and tungsten based catalysts supported by a [ONO]? ligand.

Next, Sues and coworkers moved on to a 2-pyridyl-substituted phenoxide ligands
[MesON] (2°,4°,5,6’-tetramethyl-3-(pyridine-2-yl)-[ 1,1’-biphenyl]-2-olate) and [ TripON]"
(2°,3’,6 -triisopropyl-5-methyl-3-(pyridin-2-yl)-[1,1°-biphenyl]-2-olate), Figure 3.7.2° These
ligands allowed the effects of sterically large bidentate ligands on 16-electron metal alkylidene
complexes to be tested. The theory was that a bidentate ligand would allow for the necessary

structural change into a trigonal bipyramidal metallocyclobutane intermediate, which is
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necessary for cycloreversion in the olefin metathesis cycle. Although these complexes, Figure
3.7, were more active than the [ONO]* ligand supported complexes, the activity was still low
compared to other olefin metathesis catalysts. Additionally, when tested for alkane metathesis,

there was no chain length selectivity, which is highly desirable for efficient alkane metathesis

B ]
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Figure 3.7: Molybdenum and tungsten based catalysts supported by [MesON]|  and
[TripON]- ligands.

applications.

=

3.4 Results and Discussion

The goal of this project was to stabilize a Schrock type catalyst with the scorpionate
ligands discussed in Chapter 2 of this thesis. The synthetic route that was chosen utilized known
starting material Mo(NAr)(CHCMe2Ph)(OTf)2(DME) where Ar is 2,6-'PrC¢Hz and OTf is
CF3SO0:3, Figure 3.8. This molybdenum complex was synthesized using known literature
procedures.?!?? From this starting material, it was hypothesized that a simple ligand exchange
should be able to be carried out with a lithium or sodium salt of the ligand.? If successful, this
synthetic route would provide a modular pathway for accessing the desired molybdenum product

as well as a variety of analogues.

To N OTf
Mo’

\o/ l
K/o“‘ OTf = CF3S0;

Figure 3.8: The Mo(NAr)(CHCMe:Ph)(OTf)2(DME) starting material.
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Figure 3.9: Ligands 1-4.

The same ligands discussed in Chapter 2, Figure 3.9, were utilized in the work with
molybdenum using the synthetic route shown in Scheme 3.1. The first ligand used was a sodium
salt of 2a, Naz22a. To synthesize this salt, 2a was dissolved in ethanol and two equivalents of
sodium hydroxide were added, Scheme 3.2.

Scheme 3.1: Initial proposed synthetic route to install scorpionate ligand.
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Scheme 3.2: Deprotonation of 1-4.
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This reaction was allowed to stir overnight and then the solvent was evaporated. Through 'H
NMR spectroscopy, it was seen that ethanol remained coordinated to product Naz2a, likely
forming strong hydrogen bonds in the solid state. As molybdenum alkylidene structures are
sensitive to alcohols and decompose in their presence, Na22a was recrystallized using dry DME
in the glovebox to produce Naz2a without any ethanol present in the product. Attempts to
coordinate Naz2a to Mo(NAr)(CHCMe,Ph)(OTf)2(DME) were unsuccessful after multiple
attempts under various reaction conditions and in various solvents. The alkylidene proton was
used as a handle to monitor the reaction progress and product purity. The desired product was
not able to be purified from the reaction mixture, even after multiple purification attempts
including recrystallizations and filtrations. The next step taken was to look at the formation of

this compound over a set amount of time and analyze it by 'H NMR spectroscopy, specifically

400 MHz Time 5 minutes
C6D6 ‘

A (27 (] P kil s ~ \

Time 5 days

M;«w&ww-\u.&,m~~:)~v~w-mm ey A ) e PSR i My Aoy ey “

Time 1 week

Time 3 weeks

-~ Figure 3.10: Following the reaction between Na:2a and
Mo(NAr)(CHCMez2Ph)(OTf)2(DME) by '"H NMR spectroscopy in the
alkylidene region.
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between 10 and 20 ppm where the alkylidene peak is generally seen. What was seen in this
region of the 'TH NMR spectrum were multiple alkylidene peaks when taking the 'H NMR
spectrum immediately after mixing the reactants. In Figure 3.10, it can be seen that the peaks at
15.3 ppm and 10.96 ppm were the most prominent alkylidene peaks present. The peak at 14.45
ppm, which is the alkylidene associated with the starting molybdenum complex, was set at an
integration of 1 and the peak integrations at 10.96 and 15.3 ppm were monitored. The peak at
15.3 ppm increased from 1.02 at 5 minutes, to 13.6 at 5 days to 2.54 at 1 week. The peak at 10.96
ppm decreased from 2.33 to 1.33 to 1.37 over the same time periods. This initial high integration
at 10.96 ppm and decrease indicated that it was most likely a kinetic product while the increase
in the integration at 15.3 ppm indicated a thermodynamic product. After 3 weeks almost every
alkylidene peak had disappeared, indicating complex decomposition.

From here, it was decided to look at the lithium salt of 2a instead of the sodium salt. The
difference in size of the cation can change the reactivity.!®?} It was thought that the sodium
cation might be coordinating to the ligand while it was attached to the molybdenum complex as
was seen by Sues and co-workers in their work with ONO ligands.!® The same general procedure
for Naz2a was used for the synthesis of Li22a, Scheme 3.2. With the switch from sodium to
lithium salts, full conversion into the desired molybdenum complex was also difficult. Three
major peaks in the alkylidene region appeared at 15.01 ppm, 14.45 ppm, and 12.64 ppm, Figure
3.11. The peak at 14.45 ppm was the alkylidene proton of the starting material,
Mo(NAr)(CHCMexPh)(OTf)2(DME). Attempts to isolate a single alkylidene complex through

various purification methods were ultimately unsuccessful.
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Figure 3.12: '"H NMR spectrum of alkylidene region of initial
reaction between Li22b and Mo(NAr)(CHCMe2Ph)(OTf)2(DME) in
CeDe.

Using the same synthetic approach (Scheme 3.1) the generation of

16.5 16.0 155 15.0 145 14.0 135

Mo(NAr)(CHCMe>Ph)(3b) was attempted. It was found though that addition of Li23b caused

rapid decomposition of the metal alkylidene moiety over the course of less than one day in
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Figure 3.11: '"H NMR spectrum of alkylidene region of initial reaction
between Li23b and Mo(NAr)(CHCMe:Ph)(OTf)2(DME) in CeDe.
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solution as tracked by 'H NMR spectroscopy with the reaction in a J-Young NMR tube, Figure
3.12. The imidazole N-H was presumed to be too acidic and thus protonated the alkylidene
carbon causing complex decomposition. Therefore, no more studies were performed using the
imidazolyl scorpionate ligands.

Attempts to form the complex Mo(NAr)(CHCMe>Ph)(4b) from Li24b and
Mo(NAr)(CHCMe>Ph)(OTf)2(DME), Scheme 3.1, were also carried out. This, like the
corresponding 2a complexes also proved difficult to achieve. Typically, three major peaks would
appear in the alkylidene region at 14.53 ppm, 14.16 ppm, and 13.55 ppm, Figure 3.13. The peak
at 10.11 ppm seen in Figure 3.13 corresponded with the phenol -OH of 4b, indicating that the
lithium salt was being protonated. This likely contributed to decomposition of the desired

complex and difficulties associated with isolating a pure product.
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Figure 3.13: '"H NMR spectrum of alkylidene region of initial reaction

between Liz4b and Mo(NAr)(CHCMe2Ph)(OTf)2(DME) in Ce¢De.
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Crystals of Mo(NAr)(CHCMe:Ph)(4b) were obtained and the crystal structure helped to
explain some of the difficulties encountered in the synthesis and purification of this complex.
The crystal structure seen in Figure 3.14 clearly shows that one triflate anion is still bound to the
molybdenum center. Therefore, the two triflate anions were not being fully substituted by the
incoming scorpionate ligand. This caused issues with purification as multiple species could be in
solution. One avenue to avoid the incomplete substitution of the triflate anions by the incoming
scoprionate ligand would be to utilize a molybdenum starting material that does not contain
triflate. Additionally, the non-ligated phenoxide donor has become protonated, likely through
deprotonation of an alkylidene carbon on another metal center. The X-ray structure shows that
the metal center adopts a distorted square pyramidal structure. The complex crystalizes as the
syn isomer with Mo(1) )-C(40)-C(41) bond angle of 145.4(1)°. The imido ligand is found trans
to the phenoxide donor with a N(1)- Mo(1)-O(4) angle of 158.6(4)°, while the triflate donor is

found trans to the imidazole donor with a O(1)- Mo(1)-N(2) angle of 161.7(8)°.

Figure 3.14: ORTEP3 representation (thermal ellipsoids at 50% probability) and atom
numbering for Mo(NAr)(CHCMe2Ph)(4b)(OTY) excluding most hydrogens for clarity.
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Table 3.1: Selected bond distances (A) and angles (deg) for
Mo(NAr)(CHCMe:Ph)(4b)(OTY).

Mo(NAr)(CHCMe:Ph)(4b)(OTf)
Bond Lengths (A)
Mo(1)-N(1) 1.76(8)
Mo(1)-N(2) 2.16(9)
Mo(1)-O(1) 2.16(8)
Mo(1)-O(4) 2.01(5)
Mo(1)-C(40) 1.90(1)
Bond Angles (deg)
N(1)-Mo(1)-N(2) 95.0(3)
N(1)- Mo(1)-O(1) 96.6(4)
N(1)- Mo(1)-O(4) 158.6(4)
O(1)- Mo(1)-N(2) 161.7(8)
O(1)- Mo(1)-0(4) 83.1(4)
O(4)- Mo(1)-N(2) 80.9(1)
Mo(1)-C(40)-C(41) 145.4(1)

Table 3.2: Selected crystal data, data collection, and refinement parameters.
Mo(NAr)(CHCMe:Ph)(4b)(OTY)

empirical formula CsoHesF305S
FW 1044.22
lattice type monoclinic
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space group
T,K

a, A

b, A

c, A

a, deg

B, deg

7> deg

v, A3

Z

Peald/Mg m

u(Cu/Mo, Ko) mm™!
F(000)

cryst size, mm?>

range 0 collected, deg
reflns collected/unique
abs cor

Max and min transmn coeff.
goodness of fit
Ri(I>20(1))*

wR> (all data)”

peak and hole, e A

P12:/nl
199.9

14.4832(5)
25.1880(7)
14.8606(5)

90

94.481(2)

90

5404.6(3)

4

1.283

2.820 (Cu)

2040

0.14x 0.02 x 0.015
3.461 to 70.363

40564/7325

Semi-empirical from equivalents

0.7533 and 0.4922

1.006

0.0643

0.1813

1.118 and -0.824

¢ Definition of R indices: R1 = L(Fo — Fc)/2(Fo); wRa = [Z[W(Fo? — F)?V/[ Z[w(Fo*)*1]"?
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The first synthetic route avoiding Mo(NAr)(CHCMe>Ph)(OTf)2(DME) as the starting
material is shown in Scheme 3.3. This route utilized the Mo(NAr)>(CH2CHMe>Ph), precursor
which was initially used to generate Mo(NAr)(CHCMe,Ph)(OTf)2(DME).?"?? In the literature
synthesis triflic acid is used to protonate one NAr group in order to generate an ammonium salt
and as the triflate anions bind the molybdenum center, the increased steric bulk forces one
CH>CHMe;Ph group to abstract a proton from the other CH,CHMe,Ph to form an alkylidene.
Using Mo(NAr)2(CH.CHMe;Ph),, 2a-HCI, 2b-HCI, or 3b were added at -30°C and allowed to
mix and warm to room temperature. There was no reaction seen for any of the ligands. The next
step was to add small portions of triflic acid to see if this would help facilitate the alpha-
abstraction to form the alkylidene. Unfortunately, this did not yield the desired results. Lastly,

the reaction was heated at 50°C, but. these conditions also resulted in no reaction.

Scheme 3.3: First proposed synthetic route avoiding triflate anions.

-
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\—/f ’J R' = Me (a) or Bu (b}
4 R"N R"™ = H (3) or Me (4)

The next synthetic route tested made use of a known molybdenum alkylidene complex
with no triflate anion. The molybdenum complex selected was Mo(NAr)(CHCMe>Ph)(NCsH4)s.
The lithium pyrrolide?* as well as the complex>® was synthesized according to literature

procedures. The neutral scorpionate ligands 2 and 4 were then added to the metal complex in
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THF, Scheme 3.4. Other solvents like DME were utilized at first, but then put aside as the
reactions in THF were much cleaner according to 'H NMR spectroscopy for the reaction using
4b, Figure 3.15 and Figure 3.16. As seen in the integrations in Figure 3.16, the complex is
unsymmetrical. The complex was likely unsymmetrical due to the ligand binding

unsymmetrically, Figure 3.17. Although these results were the most promising, a complex that

Scheme 3.4: Second synthetic approach not involving triflate anions.
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spectroscopy was not isolated.
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Figure 3.15: '"H NMR spectrum of the alkylidene region of
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Figure 3.17: Unsymmetric binding of 4b to molybdenum.

3.5 Conclusions

This project was not completed as attempts to synthesize a molybdenum complex
stabilized by the dianionic scoprionate ligands were not successful. However, the structure
obtained by single crystal X-ray diffraction did lend some insight as to the reasons for the failed
reactions. Future attempts should utilize molybdenum starting materials that do not have triflate
anions. Or, at the minimum, '°F NMR should be utilized to ensure that complete installation of
the scorpionate ligand and dissociation of both triflate anions has occurred. More experiments
utilizing the molybdenum bispyrrolide species as a starting material are needed. This synthetic
route allowed for the reaction to be free of triflate, which was seen to be an issue with ligand
substitution.
3.6 Experimental

General Considerations. All procedures and manipulations were performed under an
argon or nitrogen atmosphere using standard Schlenk-line and glove box techniques unless stated
otherwise. Solvents were dried and deoxygenated under argon using a LC Technology Solutions
Inc. SP-1 stand-alone solvent purification system. All alcohols were dried and distilled over
activated magnesium (magnesium turnings and a crystal of iodine) under a nitrogen atmosphere.

Deuterated solvents were purchased from Cambridge Isotope Laboratories, Sigma Aldrich,
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Acros Organics, or Alfa Aesar degassed, and dried over activated molecular sieves prior to use.
All other reagents were purchased from commercial sources and utilized without further
purification unless stated otherwise. NMR spectra were recorded at ambient temperature and
pressure using a Bruker 400 MHz spectrometer (400 MHz for 'H, and 100 MHz for '3C). The 'H
and '°C NMR spectra were measured relative to partially deuterated solvent peaks but are
reported relative to tetramethylsilane (TMS). Single crystal X-ray data were collected using a
Brunker Proteum diffractometer equipped with dual CCD detectors (Apex II and Platinum 135)
and a shared Brunker MicroStar microfocus rotating anode generator running at 45 mA and 60
kV (Cu Ka A =1.54178 A). The data collection strategy was calculated using the Bruker APEX2
software package to ensure desired data redundancy and percent completeness. Unit cell
determination, initial indexing, data collection, frame integration, Lorentz-polarization
corrections and final cell parameter calculations were carried out using the Bruker APEX2
software package. An absorption correction was performed using the SADABS. The structure
was solved using the ShelXT structure solution program using Intrinsic Phasing and refined by
Least Squares using the ShelXL program. All non-hydrogen atoms were refined anisotropically.
Hydrogen atom positions were calculated geometrically and refined using the riding
model. Olex2 was used for the preparation of the publication materials.

Synthesis of Naz2a. To a solution of 1.913 g (1 equiv., 6.10 mmol) 2a in 10 mL ethanol,
0.510 g (2 equiv., 12.7 mmol) NaOH in 25 mL ethanol was added and stirred overnight. The
solvent was then removed in vacuo and the resulting residue was recrystallized in DME and
isolated as a white solid containing 4 equivalents of DME. Yield: 2.8941 g. (66%) 'H NMR (400
MHz, CD;CN) 6: 6.70 (s, 2H), 6.63 (s, 2H), 4.72 (t, 1H), 2.96 (d, 2H), 2.27 (s, 6H), 2.14 (s, 6H),

and 2.13 (s, 6H) ppm.
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Synthesis of Liz2a. To a solution of 0.222 g (1 equiv., 0.71 mmol) 2a in 5 mL THF at -
30°C, 0.88 mL 1.6 M (2 equiv., 1.4 mmol) n-butyllithium was added and stirred for 1 hour and
evaporated. The solution was stirred in toluene overnight and evaporated to isolate the product as
a white solid. Yield: 0.228 g, (50%). TH NMR (400 MHz, CD3CN) &: 6.58 (s, 2H), 6.37 (s, 2H),
3.35 (br. s, 1H), 2.56 (br. s, 2H), 2.09 (s, 6H), 2.04 (s, 6H), and 1.97 (s, 6H) ppm.

Synthesis of Li23b. To a solution of 0.102 g (1 equiv., 0.25 mmol) 3b in 1 mL ethanol,
0.0143 g (2 equiv., 0.59 mmol) anhydrous LiOH in 4 mL ethanol was added and stirred for an
hour. The solvent was then removed in vacuo. The product was recrystallized using THF layered
with pentane at -30°C. The product was isolated as a white solid with 3 equivalents of THF.
Yield: 0.0622 g. (39%) 'H NMR (400 MHz, C¢Ds) 8: 8.29 (s, 1H), 7.40 (s, 1H), 7.37 (s, 2H),
6.29 (s, 1H), 5.54 (s, 1H), 2.29 (br. s, 6H), and 1.65 (s, 18H) ppm.

Synthesis of Liz4a. To a solution of 0.3263 g (1 equiv., 0.78 mmol) 4a in 5 mL ethanol,
0.0483 g (2 equiv., 2.0 mmol) anhydrous LiOH in 15 mL ethanol was added and stirred for an
hour. The solvent was then removed in vacuo and 10 mL THF was added and filtered. The
filtrate was evaporated to yield the product as a white solid which contained 1 equivalent of
THF. Yield: 0.2497 g. (61%) 'H NMR (400 MHz, DMSO) §: 6.83 (s, 2H), 6.67 (s, 1H), 6.61 (s,
1H), 6.38 (s, 2H), 1.99 (s, 6H), and 1.97 (s, 6H) ppm.

Synthesis of Liz24b. To a solution of 0.3025 g (1 equiv., 0.72 mmol) 4b in 3 mL ethanol,
0.0372 g (2 equiv., 1.5 mmol) anhydrous LiOH in 12 mL ethanol was added and stirred for an
hour. The solvent was then removed in vacuo. The residue was dissolved in THF and pentane
was added to precipitate out the product. The solution was filtered yield the product as a white

solid which contained 3 equivalents of THF. Yield: 0.2497 g. (54%) '"H NMR (400 MHz,
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DMSO) &: 7.28 (s, 2H), 6.96 (s, 1H), 6.83 (s, 1H), 6.50 (s, 2H), 6.31 (s, 1H), 2.03 (s, 6H), and

1.31 (s, 18H) ppm.
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Chapter 4 - Conclusions and Future Work

4.1 Summary

In summary, the work discussed in this thesis covers the synthesis of eight novel ligands
and eight aluminum complexes, as well as attempts to generate molybdenum complexes bearing
the scorpionate ligands. The ligands contained anionic oxygen donors that acted as the “claws”
of the scorpionate ligand and a nitrogen or oxygen “tail”. The dianionic scorpionate ligands were
synthesized using commercially available reagents and a modular Friedel-Crafts alkylation
reaction which allowed the steric and electronic properties of the ligands 1-4 to be easily varied,
Scheme 4.1.! The steric bulk was changed from a methyl group to a tert-butyl group ortho to
the phenolate donor. The electronic behavior was varied through the scorpionate “tail” by
changing from ethereal to amino, to imidazolyl moieties.

Scheme 4.1: Scorpionate ligand synthesis using a Friedel-Crafts alkylation.
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The aluminum complexes 5-8, Scheme 4.2, were synthesized by adding ligands 1-4 to
triethylaluminum to form tetrahedral complexes.>> While the crystal structure indicated that Sa

formed dimers in the solid state, Sb, 6a, 6b, 7a, 7b and 8a formed monomeric species in the

solid state. The combination of the weak donating ability of the ethereal tail and the small steric
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size of the methyl substituent ortho to the phenolate donors caused 5a to form bridging dimers.
When in solution, however, the 'H NMR spectrum suggested that a monomeric species formed
and was the main species in solution. For Sb, 6a, 6b, 7a, 7b, and 8a, on the other hand, the
crystal structures were able to confirm the donating ability of the “tail” of the scorpionate ligand
through metal-ligand the bond distances. The trend followed our initial hypothesis, with the
ethereal “tail” forming the weakest interaction, followed by the dimethylamino group, and the
imidazolyl functionalities with the strongest interactions.

Scheme 4.2: Synthesis of aluminum scorpionate complexes.
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Predictably, the steric size as well as the electronic donating ability of each of the ligands
influenced the activity of complexes 5-8 for e-caprolactone polymerization. The less sterically
crowded a series showed higher activities than the b series, except in the case of Sa, where the
dimers, trimers, and other clusters that formed in solution likely impeded polymerization
activity. The donating strength of the “tail” also affected polymerization activity as it is
hypothesized that the “tail” must de-coordinate during the catalytic cycle. As seen in the

polymerization data, the polymerization activity correlated with the donating ability of the “tail”.
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Several synthetic strategies were employed in an attempt to access a molybdenum
alkylidene complexes bearing ligands 1-4, but no complexes were successfully synthesized and
fully isolated. The ligand substitution with Mo(NAr)(CHCMe2Ph)(OTf)2(DME)®’ where Ar is
2,6-PrC¢H, and OTf is CF3S03, was not successful. While one triflate was substituted, one

triflate remained bound to the molybdenum center, as seen in the crystal structure in Figure 4.1.

Figure 4.1: ORTEP3 representation (thermal ellipsoids at 50% probability) and atom
numbering for Mo(NAr)(CHCMe2Ph)(4b)(OTf) excluding most hydrogens for clarity.
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4.2 Future Work

The scoripionate ligands 1-4 can potentially be utilized and studied in many systems.
Continuing from the work discussed in Chapter 3 of this thesis, molybdenum and tungsten
alkylidene species should be synthetically accessible. Now that it is known that the triflate anions
were not being fully substituted, alternative synthetic pathways can be targeted. A synthetic
strategy that could be viable, Scheme 4.3,% utilizes a known molybdenum starting material that
does not contain triflate anions, although other alternative starting materials that do not contain
triflate could be explored.® !> A few attempts utilizing this synthetic strategy were unsuccessful
for the isolation of a spectroscopically pure complex. Further attempts using larger scale

reactions to allow for easier purification and crystallization could prove successful.

Scheme 4.3: Proposed synthetic route to access molybdenum alkylidenes supported with
scoprionate ligands.
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Q\/n \aml ,’J R' = Me (a) or tBu (b)
R"N R" =H(3)or Me (4)
R \ =
OH =
: L, — ==y,
(\Nz”"w‘? R =0 =/~ R=cCMe,Ph
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ﬁ\ J AR R-R R" = OMe (1) or NMe, (2)

Once spectroscopically pure complexes have been synthesized utilizing ligands 1-4, they
should be characterized using NMR techniques including 'H, '3C, COSY, and HSQC
experiments. Additionally, all complexes should be characterized by elemental analysis and

single crystal X-ray crystallography. Next, the activity of the complexes for olefin metathesis

112



should be analyzed. First, the olefin metathesis activity at room temperature using 1-hexene and
I-octene should be investigated, Figure 4.2. It would not be surprising if olefin metathesis did
not proceed at room temperature, however, similar to the results seen by Sues and co-workers
with five coordinate molybdenum alkylidene complexes.!*!> Increased temperatures should
promote olefin metathesis activity, though, by labilizing the scorpionate ligand “tail”. The
complexes should also be tested at high temperatures over 125°C. Activity without
decomposition at temperatures above 125°C would indicate that the catalysts would be
compatible with iridium pincer complexes for alkane metathesis applications.'® If the complexes
are active and do not decompose at temperatures above 125°C, then alkane metathesis with

iridium pincer complexes should be explored. '

(M)

Figure 4.2: Cross metathesis with 1-hexene (top) and 1-octene (bottom).

These complexes could also be tested for ring opening metathesis polymerization using
bicyclic monomers, Figure 4.3.!517-1° This would show if there is any preference to form cis or
trans polymers as well as syndiotactic, isotactic, or atactic polymers.?’ The “tail” of the ligands
could interact with the molybdenum or tungsten species during polymerization to give unique

selectivity properties. Investigations into the mechanism by looking at the kinetics as well as

113



trapping intermediates could give insight into the coordination properties of the various “tails” in
the scorpionate ligands.

In addition to synthesizing molybdenum and tungsten complexes, further variations of the
ligand could be explored. A benzimidazole version of the ligand, 9, Figure 4.4a, was synthesized

using the same synthetic route as was used to produce ligands 1-4. The synthesis of the

[
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CO:Me CO->M€ (;():;l'-'h?

Figure 4.3: Bicyclic monomers for polymerization.

benzimidazole ligand, however, took a week stirring at room temperature and also required
column chromatography for purification. This time prohibitive synthesis could be re-evaluated
using elevated temperatures to increase reaction rates. Another ligand to potentially explore is
the 4b-half ligand, Figure 4.4b. During the synthesis of 4b, small amounts of the
monosubstituted ligand was isolated. Decreasing the ratio of 2-zert-butyl-4-methyl phenol to 1-
methyl-2-imidazolecarboxaldehyde as well as decreasing the amount of sulfuric acid used to

catalyze the reaction could lead to an increased yield of the half-substituted ligand.

a Q/ b

OH =
| OH
N = |
™ OH
] OH
~N7SN

:( ~NTSN
\ —_— 'I

Figure 4.4: a. Benzimidazole ligand (9) and b. the half-4b ligand.

The 4b-half ligand could then be utilized to generate aluminum, molybdenum, and
tungsten complexes, potentially introducing chirality if an enantiopure ligand is used. Further, it

is hypothesized that a secondary reaction, Scheme 4.4, could introduce a second “claw” to the
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scorpionate ligand that has a different substituent ortho to the phenol. This proposed ligand
would also introduce chirality to complexes, but with increased steric hinderance as compared to
the 4b-half ligand. These ligands and any subsequent metal complexes synthesized with them
would need to be characterized using NMR techniques including 'H, 1*C, COSY, and HSQC

experiments as well as analyzed by elemental analysis and single crystal X-ray crystallography.

Scheme 4.4: Proposed mixed ligand synthesis.

4.3 Experimental

General Considerations. All procedures and manipulations were performed under an
argon or nitrogen atmosphere using standard Schlenk-line and glove box techniques unless stated
otherwise. Solvents were dried and deoxygenated under argon using a LC Technology Solutions
Inc. SP-1 stand-alone solvent purification system. All alcohols were dried and distilled over
activated magnesium (magnesium turnings and a crystal of iodine) under a nitrogen atmosphere.
Deuterated solvents were purchased from Cambridge Isotope Laboratories, Sigma Aldrich,
Acros Organics, or Alfa Aesar degassed, and dried over activated molecular sieves prior to use.
All other reagents were purchased from commercial sources and utilized without further
purification unless stated otherwise. NMR spectra were recorded at ambient temperature and
pressure using a Bruker 400 MHz spectrometer (400 MHz for 'H, and 100 MHz for '*C). The 'H
and 3C NMR spectra were measured relative to partially deuterated solvent peaks but are

reported relative to tetramethylsilane (TMS).
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Synthesis of 9. A mixture of 0.519 g (1 equiv., 3.2 mmol) I-methylbenzimidazole-2-
carboxaldehyde and 1.425 g (2.5 equiv., 8.7 mmol) 2-tert-butyl-4-methylphenol in 6.2 ml acetic
acid was stirred for 15 minutes. The solution was then cooled to 0°C and 8.2 ml of 1:3 sulfuric
acid:acetic acid was added. The solution was allowed to stir for one week at room temperature.
The solution was then cooled to 0°C. The reaction was diluted with 50 ml H2O. The solution was
neutralized using 10 M NaOH and then extracted using three times using 50 mL ethyl acetate.
The combined organic layers were then washed with saturated NaHCO3, then washed with brine,
dried with MgSO4, filtered and concentrated in vacuo. The solid was then purified using a
column with 50% ethyl acetate in hexanes. The first fraction was then further recrystallized using
ethanol to yield the product as a white solid. Yield 0.4057 (26.5%) '"H NMR (400MHz, DMSO)
o: 9.24 (s, 2H, -OH), 7.56 (t, 2H, Aromatic-CH), 7.25 (t, 1H, Aromatic-CH), 7.19 (t, 1H,
Aromatic-CH), 6.93 (s, 2H, Aromatic-CH), 6.89 (s, 2H, Aromatic-CH), 6.02 (s, 2H, CH), 3.86
(s, 3H, N-CHs), 2.14 (s, 6H, Aromatic-CH5), 1.32 (s, 18H, C(CH5)3) ppm. *C NMR (100 MHz,
DMSO) 6: 156.99 (Aromatic-C), 151.34 (Aromatic-C), 140.32 (Aromatic-C), 138.51 (Aromatic-
(), 135.20 (Aromatic-C), 128.50 (Aromatic-CH), 127.91 (Aromatic-C), 126.33 (Aromatic-CH),
122.21 (Aromatic-CH), 121.94 (Aromatic-CH), 118.07 (Aromatic-C), 110.45 (Aromatic-CH),
41.57 (CH), 34.47 (C(CHs)3), 29.94 (N-CH3), 29.86 (C(CHs)3), 20.80 (Aromatic-CH3) ppm.

Synthesis of 4b-half ligand. A mixture of 0.368 g (1 equiv., 3.3 mmol) 1-methyl-2-
imidazolecarboxaldehyde and 1.138 g (2 equiv., 6.9 mmol) of 2-ztert-butyl-4-methylphenol in 5
mL acetic acid was stirred for 15 minutes. The solution was then cooled to 0°C and 3.3 mL of
1:3 sulfuric acid:acetic acid was added. The reaction was allowed to stir for two days at room
temperature. The reaction was then cooled to 0°C and diluted with 5 mL H>O. The reaction was

neutralized with 10 M NaOH, allowed to warm to room temperature, and then extracted three
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times using 25 mL ethyl acetate. The organic layers were combined, then washed twice with 25
mL water, dried with Mg>SOa, filtered, and concentrated in vacuo. The resulting residue was
washed through a silica gel plug using 5% ethyl acetate in hexanes. The silica gel plug was then
washed with ethyl acetate to elute the product and 4b as a mixture. The 4b-half ligand was
isolated by adding hexanes to the ethyl acetate and filtering. '"H NMR (400 MHz, DMSO) 6&:
12.36 (s, 1H) 7.32 (s, 1H), 7.16 (s, 1H), 7.01 (s, 1H), 5.99 (s, 1H), 5.90 (s, 1H), 3.18 (s, 3H), 2.07

(s, 3H), 1.43 (s, 9H) ppm.

4.4 References

(1) Gazizov, A. S.; Burilov, A. R.; Khakimov, M. S.; Kharitonova, N. I.; Pudovik, M. A.;
Konovalov, A. I. Reaction of a-Aminoacetals with 2-Methylresorcinol. Russ J Gen Chem
2009, 79 (9), 1929.

(2) Aoyama, K. Latent Epoxy Curing Catalyst or Curing Agent. Wo/2018/181045, April 10,
2018.

3) Otero, A.; Lara-Sanchez, A.; Fernandez-Baeza, J.; Alonso-Moreno, C.; Castro-Osma, J.
A.; Marquez-Segovia, .; Sdnchez-Barba, L. F.; Rodriguez, A. M.; Garcia-Martinez, J. C.
Neutral and Cationic Aluminum Complexes Supported by Acetamidate and
Thioacetamidate Heteroscorpionate Ligands as Initiators for Ring-Opening Polymerization
of Cyclic Esters. Organometallics 2011, 30 (6), 1507-1522.

4) A. Castro-Osma, J.; Alonso-Moreno, C.; Lara-Sanchez, A.; Otero, A.; Fernandez-Baeza,
J.; F. Sénchez-Barba, L.; M. Rodriguez, A. Catalytic Behaviour in the Ring-Opening
Polymerisation of Organoaluminiums Supported by Bulky Heteroscorpionate Ligands.

Dalton Transactions 2015, 44 (27), 12388-12400.

117



(%) Castro-Osma, J. A.; Alonso-Moreno, C.; Marquez-Segovia, I.; Otero, A.; Lara-Sanchez,
A.; Fernandez-Baeza, J.; Rodriguez, A. M.; Sanchez-Barba, L. F.; Garcia-Martinez, J. C.
Synthesis, Structural Characterization and Catalytic Evaluation of the Ring-Opening
Polymerization of Discrete Five-Coordinate Alkyl Aluminium Complexes. Dalton Trans.
2013, 42 (25), 9325-9337.

(6) Fox, H. H.; Yap, K. B.; Robbins, J.; Cai, S.; Schrock, R. R. Simple, High Yield
Syntheses of Molybdenum(VI) Bis(Imido) Complexes of the Type Mo(NR)2CI12(1,2-
Dimethoxyethane). Inorg. Chem. 1992, 31 (11), 2287-2289.

(7) Schrock, R. R.; Murdzek, J. S.; Bazan, G. C.; Robbins, J.; DiMare, M.; O’Regan, M.
Synthesis of Molybdenum Imido Alkylidene Complexes and Some Reactions Involving
Acyclic Olefins. J. Am. Chem. Soc. 1990, 112 (10), 3875-3886.

(8) Hock, A. S.; Schrock, R. R.; Hoveyda, A. H. Dipyrrolyl Precursors to Bisalkoxide
Molybdenum Olefin Metathesis Catalysts. J. Am. Chem. Soc. 2006, 128 (50), 16373—
16375.

9) Deiter, T. Pyrrolylchromverbindungen. Z. Anorg. Allg. Chem 1971, 384, 136—146.

(10)  Kreickmann, T.; Arndt, S.; Schrock, R. R.; Miiller, P. Imido Alkylidene Bispyrrolyl
Complexes of Tungsten. Organometallics 2007, 26 (23), 5702-5711.

(11)  Arndt, S.; Schrock, R. R.; Miiller, P. Synthesis and Reactions of Tungsten Alkylidene
Complexes That Contain the 2,6-Dichlorophenylimido Ligand. Organometallics 2007, 26
(5), 1279-1290.

(12)  Jeong, H.; Kozera, D. J.; Schrock, R. R.; Smith, S. J.; Zhang, J.; Ren, N.; Hillmyer, M. A.

Z -Selective Ring-Opening Metathesis Polymerization of 3-Substituted Cyclooctenes by

118



Monoaryloxide Pyrrolide Imido Alkylidene (MAP) Catalysts of Molybdenum and
Tungsten. Organometallics 2013, 32 (17), 4843—4850.

(13) Jeong, H.; Axtell, J. C.; Tordk, B.; Schrock, R. R.; Miiller, P. Syntheses of Tungsten Tert
-Butylimido and Adamantylimido Alkylidene Complexes Employing Pyridinium Chloride
As the Acid. Organometallics 2012, 31 (18), 6522—6525.

(14)  Sues, P. E.; John, J. M.; Schrock, R. R.; Miiller, P. Molybdenum and Tungsten
Alkylidene and Metallacyclobutane Complexes That Contain a Dianionic Biphenolate
Pincer Ligand. Organometallics 2016, 35 (5), 758-761.

(15)  Sues, P. E.; John, J. M.; Bukhryakov, K. V.; Schrock, R. R.; Miiller, P. Molybdenum and
Tungsten Alkylidene Complexes That Contain a 2-Pyridyl-Substituted Phenoxide Ligand.
Organometallics 2016, 35 (20), 3587-3593.

(16) Bailey, B. C.; Schrock, R. R.; Kundu, S.; Goldman, A. S.; Huang, Z.; Brookhart, M.
Evaluation of Molybdenum and Tungsten Metathesis Catalysts for Homogeneous Tandem
Alkane Metathesis. Organometallics 2009, 28 (1), 355-360.

(17)  Jeong, H.; John, J. M.; Schrock, R. R.; Hoveyda, A. H. Synthesis of Alternating Trans-
AB Copolymers through Ring-Opening Metathesis Polymerization Initiated by
Molybdenum Alkylidenes. J. Am. Chem. Soc. 2015, 137 (6), 2239-2242.

(18) Jeong, H.; John, J. M.; Schrock, R. R. Formation of Alternating Trans-A-Alt-B
Copolymers through Ring-Opening Metathesis Polymerization Initiated by Molybdenum
Imido Alkylidene Complexes. Organometallics 20185, 34 (20), 5136-5145.

(19) Bazan, G. C.; Khosravi, E.; Schrock, R. R.; Feast, W. J.; Gibson, V. C.; O’Regan, M. B.;

Thomas, J. K.; Davis, W. M. Living Ring-Opening Metathesis Polymerization of 2,3-

119



Difunctionalized Norbornadienes by Mo(: CHBu-Tert)(:NC6H3Pr-Is02-2,6)(OBu-Tert)2. J.
Am. Chem. Soc. 1990, 112 (23), 8378-8387.
(20)  Schrock, R. R. Synthesis of Stereoregular Polymers through Ring-Opening Metathesis

Polymerization. Acc. Chem. Res. 2014, 47 (8), 2457-2466.

120



