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Abstract

Two different methodologies were used to attempt the synthesis of a novel P-N ligand,
denoted as PACNAC for the similarity to the analogous NACNAC and ACAC ligands.
Although the synthesis of PACNAC was not successful, each methodology led to interesting
discoveries. First, a number of lithium complexes of ketoimines were isolated and studied by X-
ray crystallography and NMR spectroscopy revealing some interesting substituent based effects
on the structure, solubility and solution state behaviour. The X-ray data of the two known and
two related novel ketoimines were also collected and compared to the lithium complexes.
Secondly, the synthesis of novel alkynyl imines along with the new alkynyl diimines by novel
synthetic routes and studied by x-ray crystallography, NMR, electrochemistry, and UV-Visible

spectra.
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Chapter 1

Summary of the Work

1.1 Introduction

The bidentate ligands, acetylacetonate A-1 (AcAc) and 3-diketoiminate B-1 (NacNac)
and several variations thereof have been used extensively in coordination chemistry and
catalysis, historically and to this date."? More recently the mixed oxygen and nitrogen analogue,
B-ketoiminate ligand C-1, has joined the above two in such research interest.? In the first year of
work on this project, the first examples of the B-ketophosphenato ligand D-1 and their rhodium
complexes were reported by Sasamori et al. This opens the frontier of two other analogues using
O, N, and P as bidentate coordination points to metals: N, P (which we have coined as PacNac) E-
1 and P, P F-1 (Figure 1.1). The original goal of this thesis work was to isolate the first example of
E-1 as the free molecule and as a ligand to a metal. A PacNac ligand generated in situ on Ti from
a NacNac ligand by phospha-Staudinger and phosphaalkene-insertion reactions has previously

been reported.5

R R R
. - -
N M
A-l B-1 C-1
R =alkvl or aryl R = alkyl or aryl
S e P~ : R'
1 1 = /
e o 58

E-1
R, R'=bulky aryl such as Dipp, Mes

15[ bis (rimethyl silvl imethyl Jphenyl
H

E = allyl or aryl

Figure 1.1 - Various analogous bidentate ligands containing O, N, and P.



A couple of other goals which branched off of each of the main routes to PacNac, which
are discussed below, were introduced in the progress of the work. One was to isolate and fully
characterize some s-block metal complexes of 3-ketoiminate ligands because, although known
and used as intermediates in several reactions in transition metal coordination chemistry,¢ few
have been studied in depth themselves (see Chapter 2 for discussion of examples).” As well, the
crystal structures of the particular 3-ketoimines of interest, which are solids, had not been
previously reported, and therefore were also of interest.

This chapter will briefly summarize the ideas and background literature to the research
performed for this thesis. More extensive literature background will be discussed later along

with the results in the respective chapters dealing with each area of the research.

1.2 Why PacNac?

NacNac acts as a monoanionic spectator ligand much like its closely related analogues,
AcAc and ketoiminate. NacNac strongly binds to metals and has more extensive tunability and
more extensive steric demands than ketoiminate by virtue of containing two imino groups with
substituents that can be varied (whereas ketoiminate ligands only have one and AcAc cannot be
tuned in this manner and does not have the any of the steric protecting properties). NacNac is
therefore able to stabilize metals in unusually low oxidation states, rare geometries, and low
coordination numbers better than the other two analogues. Such complexes are coordinatively
unsaturated which is one of the keys to how well they function as catalysts in a variety of
processes such as olefin- and oligio- polymerization and copolymerization and ring opening
polymerization.? Ketoiminate complexes have only been found to function well in olefin

polymerization although some research has gone into other areas.’



PacNac as a potential ligand retains many of the desirable attributes of NacNac; strong
binding, tunability, and steric demands through a substituent on the imino as well as the
phosphorus. The change to phosphorus may in fact enhance the tunable nature and steric
demands of the molecule with the option of having different substituents on the imino and
phosphorus portions of the molecule. Phosphorus is significantly different than nitrogen as a
donor atom,; first of all it is a much softer Lewis base compared to nitrogen. Phosphorus is a
strong o-donor and can also be a good m-acceptor (dependent on the electron withdrawing
properties of the substituent) which can allow for differing levels of back-bonding from the metal
to the phosphorus atom.’ This may lead to catalysts with much different activity in comparison
with the NacNac supported catalysts. In particular, strong coordination to later transition metals

and to metals of the second and third period is expected for a PacNac type ligand.

1.3 Phosphaalkene Route to PacNac

The original goal of this project was to make the direct P, N analogue of NacNac, hence
the name PacNac, which meant the formation of a phosphorus-carbon double bond or in other
words, a phosphaalkene A-2. However, the tautomer, the P, N analogue of the ketoimine or the
P, O ketophosphenate, B-2 (Figure 1.2), provides an alternate route to the same anionic ligand

and will be discussed later in this chapter.
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Figure 1.2 - The two possible tautomeric molecular precursors that should give the PacNac ligand.



There are several different types of reactions that can be done to form the phosphaalkene
bond. These can be broken down into a few basic different types of which there are many
variations and combinations that have resulted in the detection and/or the isolation of
phosphaalkenes: 1,2-elimination A, condensation B, phospha-Wittig reactions C, R-P transfer
from phosphinidenes D, and double-bond migration E (Table 1.1).112 The variations of the
condensation type of reaction, in particular the phospha-Peterson reaction, done either with
LiPR(TMS) B(4) or more rarely the base catalyzed RP(TMS): and ketone or aldehyde substrates
B(3), was the most obvious of these routes to try for a few reasons. The first reason is that the
disilylated phosphine of the bulky 2,6-diisopropylphenyl (dipp) and 2,4,6-tris-t-butylphenyl
(super-mesityl) substituents are known compounds and had been made in the lab previously for
other purposes. As well, the ketone substrate to give the desired PacNac molecule is the well
known ketoimine, of which there are many well-established routes of synthesis. Lastly, the base-
catalyzed phospha-Peterson reaction has been used in this group’s lab to make the dipp
phosphaalkene.’® The other routes, in comparison, either require synthesis of a new substrate
(many unknown and would likely take many steps) or phosphine or are limited in the
phosphines that would possibly work, or some combination of the above; one of the extra

difficulties here being the synthesis of the nitrogen containing part of the desired compound.



Table 1.1 - Examples of the common phosphaalkene forming reactions.
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The ketoimine, however, was found to be unsuitable in the phospha-Peterson reaction
due to the acidic proton on the nitrogen. This proton exchanges with one of the silyl groups on
the phosphine instead of the desired reaction. The t-boc (N-t-butoxycarbonyl) protecting group
is a typical protecting group for the amine functional group. Therefore, attempts were made by a
couple of different literature routes' to add it to the ketoimine but neither showed any reaction.

The alternate condensation reaction B(2) was also attempted with both the dipp and
super-mesityl phosphines using BFs-Et20 as the catalyst as done in the literature. !> This reaction
was successful for super-mesitylphosphine and select ketones in the literature. Disappointingly,
no reaction was observed with the ketoimine. Further reading in the literature revealed that this
is likely due to the ketoimine not being a reactive enough ketone.!¢ In fact, all of the
phosphaalkene forming reactions from a ketone precursor are unlikely to produce the desired
result with a ketoimine because ketoimines rarely react as other ketones do.”” The phosphaalkene
approach therefore really requires a different type of approach which will be discussed in detail
in Chapter 4 — Future Work.

The focus changed at this point to the lithium ketoimine research, discussed further in
the next section and in detail in Chapter 2. That was until reading about the recently published
ketophosphenate, which gave an alternate route to give an equivalent ligand on the metal which

will be introduced in section 1.4 and the results discussed in detail in Chapter 3.4

1.4 Bulky Ketoimines and their Main-Group Metal Complexes
During the course of the work, when difficulties with the ketoimine reactivity arose for
the original phosphaalkene forming reactions, it became desirable to find alternative methods to

reach the goal while still making use of the ketoimine. Through this, it was discovered that,



although transition metal complexes of ketoimines have seen considerable recent interest, the
main group complexes, especially of the s-block, have been mostly neglected except for their use
as a stepping stone to the transition metal complexes.6 Therefore, it seemed a worthy pursuit to
attempt the isolation and study of a large variety of such complexes.

As well, to eliminate one of the potentially problematic acidic protons on the ketoimine,
the new compounds, 1c,d, with a methyl group on the central backbone carbon (Figure 1.3) were
made." These and the other two ketoimines employed in this work, are fairly crystalline solids.
Therefore, along with the main-group metal complexes, the crystal structures of these

compounds were determined through the use of X-ray crystallography.

/Dipp /Mes
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G Z
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1c 1d

Figure 1.3 - Newer ketoimines with methyl on the carbon backbone.

One interesting and unexpected result was the unsolvated lithium tetramer isolated for
one of the ketoimines in the presence of 3 molar equivalents of the coordinating solvent THF.
Although tetramers are known in the literature, with 59 lithium cubane structures reported
containing the central lithium-oxygen cube, only 19 of those have nitrogen bonded to the lithium
as well. Only one of those 19 is a ketoimine complex, A-3, which was isolated by excluding any
coordinating solvent from the reaction and crystallization process’ (Figure 1.4).

Following this result, the other three cubane lithium tetramers of the ketoimines 1a-c

were made and isolated in analogy to the literature synthesis reported for A-3.” Of these, two

t During the preparation of this thesis, 1c was reported as a ligand on Al and Ti.’® The lithium complex of 1c
was reportedly used as an intermediate in the latter case. The synthesis, X-ray crystal structures, and 'H
NMR data presented in this thesis was presented at the CSC prior to either of these being published."



gave suitable crystals for X-ray data to be collected. The similarities and differences between the

three structures and the literature structure will be thoroughly discussed in Chapter 2.
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Figure 1.4 — The only previously reported cubane lithium structure of a ketoimine ligand.

1.5 The Iminophosphenate Route to PacNac

As briefly mentioned in section 1.2, there is an alternate class of potential precursors to
the PacNac ligand, the iminophosphenate tautomer, or more specifically (E)-N-((Z)-4-
(arylphosphino)-3-(trimethylsilylbut-3-en-2-ylidene)arylamine . There is reason to believe that the
alternate desired tautomer, containing a doubly-bonded N and a singly bonded PH, could be

synthesized similarly to the ketophosphenate that has been reported (Scheme 1.1).4

/Tbt /Tbt

T™S 0o
Tobt P/ benzene s H7 M
e +
\H
\

Tbt = 2,4,6-tris[bis(trimethylsilyl)methyl]phenyl
Scheme 1.1 - The synthesis of the two reported ketophosphenates.
Initial searches through the literature revealed the imino alkyne A-4 as the closest

analogue of the substrate required for this synthetic route? (Figure 1.5). The exact analogue



desired was 3-(dippimino)but-1-yne, which changes only the keto portion of 3-butyn-2-one to an
aryl imine in the above reaction scheme.
NDipp
z "
R A-4

R = a variety of alkyl and aryl groups
Figure 1.5 - The closest nitrogen analogue in the literature to 3-butyn-2-one.
Better analogues do in fact exist in the literature,?' which is a fact discovered after
working through the problem of the synthesis successfully. It was first hypothesized that the
imidoyl chlorides previously isolated in our lab?? could be used in a one-step reaction with a

metal acetylide to make the exact substrate analogue to react with the mono-silylated phosphine?

(Scheme 1.2).

ME -MCL ME.
+ Metal acetlide —————=
. R
R Cl =
; —_— i — MH2
vietal acetylide = Na—=——H  Li—=——H» HHNW 2
For example:

B =dipp ;R'=taol3

E = dipp :E'=metipl

E =pheny ; B’ = t-butd

Scheme 1.2 - Metal acetylide synthesis of the nitrogen analogue of 3-butyn-2-one.

This proposed reaction instead resulted in the isolation of alkynyl diimines (Figure 1.6), which, to

the best of our knowledge are a novel type of species.
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Figure 1.6 — Novel alkynyl diimines isolated in the attempted synthesis of alkynyl imines.

An alternate scheme where the imidoyl chlorides could be reacted with
bis(trimethylsilyl)acetylene and the silylated end of the alkyne removed to get the exact substrate,
which is a well-established route with acid chlorides?* (Scheme 1.3), was then attempted and was
successful for R = Dipp and R’ = p-tolyl, of which both alkynyl imines are novel species, though

not a novel class of species as thought initially.

NR CHCI, NR 1:1 THF:MeOH NR
+ TMS—=—=—TMs —— —_—
R ol 3 K,CO,

Rv

TN

V4

T™S
Scheme 1.3 - Synthesis of the exact analogue based on literature for acid chlorides.

The reaction conditions used to produce the ketophosphenate ligand did not in the case

of the reaction of either alkynyl imine result in the desired iminophosphenate ligand.

1.6 Organization of the Thesis

The remainder of the thesis is organized as follows: Chapter 2 presents the synthesis,
structure and spectroscopic characterization of ketoimines and main-group ketoiminates.
Chapter 3 presents the work done on the alkynyl imines and diimines, Chapter 4 presents
suggestions for ways in which the synthesis of a PacNac ligand might alternatively be achieved,

and lastly Chapter 5 covers the experimental details.
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Chapter 2

Bulky Ketoimines and their Main-Group Complexes

2.1 Introduction

Transition metal complexes of B-ketoimines have received considerable of recent interest
in coordination chemistry and catalysis. The use of these as catalysts have been largely limited to
olefin polymerization,! although some research has been done into other types of reactions,? and
in general metal complexes of 3-ketoimines have been widely used as precursors for
metalloorganic chemical vapor depositition (CVD).> Many of the main group metal complexes
have not been studied, however. The primary exception to this is aluminum, for which many (3-
ketoimine complexes have been reported.* A few magnesium complexes have also been studied
with particular interest in their use as CVD precursors.> Other main group complexes such as
lithium, sodium, and potassium have been used as intermediates in the synthesis of transition
metal complexes,$ but largely have not been reported as isolated species.

The exception to this is the coodinated dimer and cubane structures of 4-
isopropylaminopent-3-ene-2-one complexes which were reported by Brehon et al.” Of particular
interest is the oxygen/lithium cubane structure which was synthesized and recrystallized
excluding coordinating solvent and the coodinated dimer structure which was obtained from the
addition of one molar equivalent of the coordinating solvent hexamethylphosphoramide (hmpa).
There are only 59 such cubane lithium structures in the Cambridge Crystallographic Database,®
and only 19 of those have nitrogen coordinated to lithium. The cubane complex of 4-
isopropylaminopent-3-en-2-one is the only cubane 3-ketoimine complex among those 19.

Many of the less sterically bulky (3-ketoimines are liquid in form at room temperature.

However, the bulky 2,6-diisopropylphenyl (dipp) 1a and 2,4,6-trimethylphenyl (mesityl) 1b 8-
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ketoimines are crystalline solids which have not had crystal structures reported. The novel 3-
ketoimines — 2-dipp-3-methylpent-2-en-4-one 1c and 2-mesityl-3-methylpent-2-en-4-one 1d - are
likewise crystalline solids of interest particularly in comparison with the unsubstituted f3-

ketoimines because ketoimines with R’#H are rare in the literature.

2a-c la-d 4a-d
a:R=Dipp,R'=H;b: R=Mes,R'=H;c:R=Dipp, R"'=Me; d : R =Mes, R'=Me

Figure 2.1 — The ketoimines and their lithium complexes to be discussed in this chapter.

Some main group metal complexes of all four ligands were therefore made and are
compared in this chapter. The crystal structures of all the 3-ketoimines and the complexes were
determined, along with the NMR of all the newly isolated species. All of the molecules are
shown in Figure 2.1. Of particular interest is the lithium cubane structure (4d) of 1d which,
although synthesized in THF the same as the other lithium complexes, was recrystallized from
heptane and 3 molar equivalents of THF because it was much too soluble in THF alone to yield
crystals. The fact that 1d prefers the cubane structure over the THF coordinated dimer structure

is of great interest and DFT calculations were performed in an attempt to explain the preference.
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2.1.1 Tautomers of Ketoimines

Ketoimines could theoretically exist in three different tautomers: enol A-5, enamine B-5,
and ketimine C-5 (Figure 2.2). This has been a primary question of interest in the literature since
1949 and as recently as 2007 a paper was published on the subject.” The evidence that ketoimines
primarily exist in the enamine form — whether in gas, solution, liquid, or solid phase — has

become overwhelming and it has become largely accepted that this is the case.

H R H R _R
O/ N|/ 0 \N ~ 0 N|
A5 B-5 C-5

Figure 2.2 — The tautomers of the ketoimines.

Initial studies of this subject in the literature looked at the ultraviolet and IR spectra of
these types of compounds for clues as to the tautomeric composition. In 1949, Cromwell et al.
showed that the ultraviolet absorption maximum was consistent with that of other «,3-
unsaturated carbonyl compounds which excludes the ketimine tautomer from consideration.’
Although it is difficult to discern from the IR data which of the two remaining tautomers is
present because of the similarity between important signals (such as the O-H or N-H),"! a
detailed comparison, also by Cromwell et al., between the spectra of ketoimines and various
known structures containing the geometries of interest provided the first evidence for the
enamine tautomer being the primary form.’ This same conclusion was reached for diketoimines
by Hay and Caughly in 1965 because the spectra lacked the C=N stretch which leaves the
enamine form as the only viable option.12

A "H NMR study of numerous ketoimines in a variety of solvents was published in
1962.13 First of all, the lack of the appropriate CH: signals again excludes the ketimine tautomer

as a possibility. The discerning resonance here is the broadened signal that appears in the 10 — 12
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ppm region which could either be the O-H or N-H of either the enol or enamine form. Analysis
of the splitting of this resonance, which could only occur if the signal was in fact due to N-H (the
O-H proton would not have any protons for normal 3-bond H-H coupling), gave definitive
evidence that in all the solvents used, excluding acetone, the enamine tautomer is present in
solution state as well as pure solid or liquid (the IR’s were done as Nujol mulls or as pure liquid
samples). This greater stabilization was attributed to resonance and hydrogen bonding. Other
extensive 'H and 7O NMR studies have also shown that the enamine tautomer is preferred even
if there is additional resonance stabilization in the enol form.+

Recent extensive calculations have been done on all possible conformers (those with and
without hydrogen bonding) of parent compound 2-methylaminopent-2-en-4-one in order to
study the intramolecular hydrogen bond strength and energy.’ In comparison of the non-
hydrogen bonded conformers, the enamine was found to be more stable than the ketimine by
10.33 kJ/mol, and 52.30 k]J/mol more stable than the enol form. In the hydrogen bonded case the
enamine was shown to still be more stable than the enol form by 27.83 kJ/mol. Calculations were
also performed in this same study on ketoimines in water. This changed the hydrogen-bond
strength for each conformer with a decrease for the enamine and an increase for the enol;
however, the enamine form still maintained greater stability than the enol form. In the gas phase
calculations the enol form was found to have an approximately 30 k]J/mol stronger hydrogen
bond than the enamine form. The findings here show that the hydrogen-bond is the lesser reason
for the stability of the enamine form. The much more important reason for the stability of the
enamine form was concluded in this paper to be the complete participation of the nitrogen lone
pair in the m-electron resonance in the backbone of the molecule because in the enamine form the

lone pair is perpendicular to the molecular plane whereas it is not in the enol form.

16



Finally, a number of X-Ray crystal structures of ketoimines have been determined.’> In
all cases the hydrogen atom was found to be located on the nitrogen atom with intramolecular

hydrogen bonding to the oxygen atom.

2.1.2 Literature Synthesis of f-Ketoimines

The most typical and often used literature synthesis of ketoimines has been the acid
catalyzed condensation reaction of a 1,3-diketone with a primary amine, most often in benzene
with removal of water by the use of a Dean Stark trap. Many acids have been successful in
catalyzing the reaction using this method. Some examples are: sulfuric acid'¢, aluminum (III)
oxide,'” trimethylsilyl trifluoromethane sulfonate (TMSTY) (a synthon for trifluoromethylsulfonic
acid upon hydrolysis),'® formic acid,'s concentrated hydrochloric acid,'® boron trifluoride
etherate,and acetic acid.?! Recently, a movement towards more environmentally friendly
syntheses has resulted in many more options.

Some of these routes are done under solvent-free conditions with different catalysts such
as indium tribromide,?3silica gel,and CeCls-7H20%*with stirring at room temperature. Others use
more environmentally friendly solvent options such as ethanol with the catalyst NaAuCls?or
even water with silca gel®or Bi(TFA)s? as catalysts or even with no catalyst at all.?? Other more
environmentally friendly routes include the use of montmorillonite K-10 as a solid support
catalyst with energy added through use of domestic microwave ovens? or ultrasound baths.
Another option that has been pursued is the reaction done with catalysis in ionic liquid.?*?
Supported heteropoly acids, tungstophosphoric acid on silica gel and tungstosilicic acid on
aluminum (III) oxide have also been effectively used in the synthesis of ketoimines from diketone
and amine.

Lastly, ketoimines have also been synthesized by reaction of acylbenzotriazoles with

methylated imines® (Scheme 2.1):
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Scheme 2.1 — Synthesis of ketoimines by reaction of acylbenzotriazoles.

2.2 Synthesis

Out of the many synthetic strategies in the literature that yield 3-ketoimines, the one
used for generating both the known 3-ketoimines and the new {3-ketoimines in this work
followed the general method for the preparation of 3-enamino ketones and esters presented by
Zhang et al*? using indium tribromide as a catalyst. The lithium complexes were all generated by
reaction of the ketoimines with n-butyl lithium; in THF for the coordinated dimer structures and
in heptane for the cubane structures (except 4d which could be generated in either solvent with a

preference for the reaction in THF) as shown in Scheme 2.2.

0 0 o H{
InBry
+ H,NR — >
2 Solvent-Free Z
R R
la-d

BuLi BuLi
HeptV \jHF
R

4a-c 4d

a:R=Dipp,R"=H;b:R=Mes, R"=H; c:R=Dipp, R"'=Me; d: R=Mes, R'=Me
Scheme 2.2 — Synthesis of 1a-d, 2a-c, and 4a-c.
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Also related and presented at the end of the chapter is a magnesium complex isolated for 1b
(Scheme 2.3). The expected product was (1b")2Mg) but the isolated product was (1b")sMg:Bu,
which means that the intended stoichiometry of 1b:MgBu2 of 2:1 was actually 3:2. This is likely

due to the concentration of the MgBu2 solution being greater than the labelled 1M.

H Mes
o N7
MgBU2
/ —_—
Heptane
1d

Scheme 2.3 — Synthesis of 3b.

2.3 X-Ray Crystallography Results and Discussion

Ketoimines, much like the related AcAc and NacNac type compounds have more than
one possible tautomeric form. The primary tautomer, at least in solution,' has long since been
concluded to be the one where the hydrogen is located on the nitrogen of the ketoimine. This is
conclusively proven by the crystal structures presented here as the NH hydrogen in all cases was
unambiguously detected in the Fourier difference map with the positions and isotropic
temperature factors able to be freely refine. Other crystal structures of ketoimines in the
literature show a similar result.>!

This tautomer is partially stabilized by the intramolecular hydrogen bonding between
the N-H and O, with an average hydrogen bond length of 1.86(9) A (range from 1.77 A to 1.98 A)
for 1a-d and an average N-H--O bond angle of 139.4(3.8)° (range from 133.6° to 141.9°). 1a
(Figure 2.3) compares well to (Z)-3-(2,6-diisopropylphenyl)amino)-1-phenylbut-2-en-1-one® with
an identical (within experimental error) d(N--O) of 2.613 A, although the packing through weak

intermolecular contacts is more symmetrical than in 1a. 1b (Figure 2.4) also has additional weak
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intermolecular hydrogen bonding between pairs of molecules that link the pairs about a
crystallographic centre of inversion with longer a H-bonding length at 2.29 A and a larger bond
angle at 136.5°. The intramolecular d(N---O) of 2.657(2) A and intermolecular d(N--O) of 2.984(1)
A can be compared to 2-(2,6-diisopropylphenylamino) cyclohex-1-enyl phenyl ketone® which has
intramolecular d(N--O) of 2.598(3) A and 2.614(3) A and intermolecular d(N---O) of 3.205(3) A and
3.206(3) A. This comparison indicates that the steric crowding of the aryl substituent does not

determine these motifs.

Figure 2.3 - ORTEP diagram of 1a with all but the amine hydrogen atoms omitted for clarity (50%
probability ellipsoids shown).

Figure 2.4 - ORTEP diagram of 1b with all but the amine hydrogen atoms omitted for clarity (50%
probability ellipsoids shown).
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1c (Figure 2.5) and 1d (Figure 2.7) have 3% shorter d(N--O) than 1a and 1b with values of
2.549(2) A and 2.582(2) A, respectively. This pinching in of the ligand can be attributed to the
additional methyl group on the backbone, which although is not a large substituent, has been
known to demonstrate local steric pressure at short distances.?* This pinching in effect is
maintained in the lithium complexes 2¢ and 4c,d with 2c¢ having 4% shorter d(N-O) than in 2a
and 2b with 2.805(1) A and 2.809(1) A in comparison with 2.913(2) A and 2.914(2) A, respectively,
and 4c,d having 3-4% shorter d(N--O) values than 4b with an average value of 2.780(8) A for 4c,

2.800(2)A for 4d, and 2.878(15) A for 4b.

Figure 2.5 - ORTEP diagram of 1c with all but the amine hydrogen atoms omitted for clarity (50%
probability ellipsoids shown).

Another bonding interaction seen, for example, in many aromatic organic molecules in
the solid state known as m-m stacking, in which areas of 7 electron density interact with one
another, is evident in the crystal structure of 1d (Figure 2.6). The molecules are arranged such
that the aromatic mesityl rings of pairs of molecules are parallel-displaced edgewise at close to
the ideal distances for the -7t stacking interaction,® 3.546 A measured as the distance of the
centroid of one mesityl to the least squares plane made by the other and an average edgewise

displacement of 1.337 A.
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Figure 2.6 — ORTEP diagram of the unit cell contents of 1d showing the m-nt stacking of the mesityl
substituents. Hydrogens are omitted for clarity.

Some electron delocalization of the pseudo-six membered ring is seen even in the case of
the uncoordinated ketoimine molecules (see Table 2.1 in section 2.4) with intermediate values
between typical single and double bond lengths for all of the bonds within the ring, with the
structure leaning towards the generally accepted enamine form, particularly with regards to the
carbonyl bond. A greater level of delocalization is seen with the coordinated dimer and cubane
complexes of the ketoimines, with a lengthening of the carbonyl bond and a shortening of the
ketoimine CN bond as well as a reversal of the ring C—C bond lengths to give more double bond
character to the C-C bond closer to the carbonyl and less to the C—C on the CN side.

The uncoordinated ketoimine molecules have bond angles in the expected range for the
given structure with average bond angles of 123.3(4)° for Cs—C2-O (refer to Figure 2.16 for atom
numbering used here), 123.24(19)° (1a,b) and 120.33(18)° (1c,d) for C—Cs—Cs, 121.3(7)° for Cs—Ca—

N, and 126(1)° for C&—N—-Cs. A moderate increase is seen for the lithium complexes except for the
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understandable decrease in the last listed (125.3(3)°, 128.2(4)° (2a,b and 4b) and 123.84(17)° (2c
and 4c,d), 123.3(4)°, and 119.9(8)° following the same order as above). These changes can be
explained by the formation of a nearly planar or purely planar 6-membered delocalized ring with
Li in most cases. This by the rules of mathematics should have an ideal interior bond angle sum
of 720° (planarity defined here by the root-mean-square deviation of the calculated least-squares
plane of the 6 atoms in question). The average interior bond angles therefore increase to give a
sum of 718.2° (2a), 719.3° (2b), 714.7° (2¢), 719.7° (4b), 719.5° (4c), and 714.1° (4d) which are all
quite close to the ideal value. The decrease in bond angles for Cs+~IN-Cs is in part to accommodate
the much larger C+~N-Li angle (average 123 (2)° for all the lithium complexes) in comparison to
the C+—N-H (average 114(2.)°). Another likely contributing factor is that the aromatic R-groups in
the lithium complexes, due to steric congestion, need to bend away from the centre of the

complex, thus decreasing the above mentioned angle.

b

Figure 2.7 - ORTEP diagram of 1d with all but the amine hydrogen atoms omitted for clarity (50%
probability ellipsoids shown).

The cubane LisOs structures 4b-d isolated here have approximately D2 symmetry (see
Figure 2.9). This is unlike the majority of LisOs cubane structures that have been previously

determined which have the less symmetric S« symmetry; included in that group is the sole
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previously reported ketoimine complex.” However, other D2 symmetric cases have been
reported.® In the case of the bulky ketoimines used in this work, the D2 symmetry is much more
favorable to the steric bulk of the ligands than S+ symmetry which forces much more of the steric
bulk close together (see Figures 2.16 and 2.17 in section 2.4) This is in contrast to the previously
reported structure which was much less bulky with only an isopropyl group attached to the
nitrogen.

Each cubane structure can be viewed as a dimer of dimers (Figure 2.8). In viewing the
previously reported S structure as such, the two dimers come together to form the cubane
orthogonal to one another. The angles between the planes made by the ligands and the 4-
membered Li2O:2 central ring of each dimer averaged 48.2° with a range of 46.1° to 50.9°. In the
case of the D2 structures, 4b-d (Figures 2.9, 2.10, 2.14), the measurement of this angle becomes
ambiguous because the dimers come together parallel to one another to form the cubane, and as
such, each cubane molecule can be viewed as two different possible dimer of dimers. This makes
little difference between the two possibilities for 4c,d with ranges of 41.4° to 47.4° (average 44(3)°)
and 42.5° to 48.3° (average 45(3)°) for 4c and 37.4° to 53.8° (average 46(7)°) and 35.6° to 60.26°
(average 47(1)°) for 4d. However, for 4b, the two different possibilities give quite different
results, with ranges from 42.5° to 50.9° (average 48(4)°) and 39.8° to 47.2° (average 42(3)°). Note

that the 4b,c structures were solvates and 4d was solvent free.

Figure 2.8 — Comparison of the D2 and Ss dimers of dimers for the cubane molecules.
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In the coordinated dimer structures (Figures 2.11-2.13) the ketoimine ligands lie transoid
to the central Li2O:2 ring with varying angles (37.90° for 2a, 48.28° for 2b, and 29.62° for 2c) to the
cubane structures. The smaller values for the dipp containing species are due to the increased
steric bulk. The large difference between 2a and 2c¢ is most likely due to a necessary
compensation for the change in the C>—Cs—Cs bond angle (values mentioned above) and the
corresponding decrease in the O-Li-N bond angle from 95.96(13)° in 2a to 92.28(6)° in 2c which
would bring the aromatic group closer to the centre of the complex if the angle of the ligand to
the Li2Oz ring did not change. In fact, this structural change gives otherwise similar structures,
with the separation of the isopropyl methyls from the similarly placed THF carbons at almost the
same distance (closest contact for each is 3.656 A with an average distance of 4.266 A for 2a and

4.143 A for 20).

Figure 2.9 — ORTEP diagram of 4b with the hydrogen atoms omitted for clarity (50% probability
ellipsoids shown).
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Figure 2.10 — ORTEP diagram of 4c with hydrogen atoms omitted for clarity (50% probability ellipsoids
shown).

Figure 2.11 — ORTEP diagram of 2a with hydrogen atoms omitted for clarity (50% probability ellipsoids
shown). Atoms denoted by superscript “i” were generated by a centre of symmetry.
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The more appropriate viewpoint of the cubanes is as aggregates of four monomers, as
concluded previously,” because the Li-O bond lengths within each cubane structure vary
depending on the type of bond. In all cases, the shortest Li—-O bond lengths are those between the
lithium atoms bonded to the oxygen of the ligand with which they lie in plane. The most
difference is seen for 4c, an average of 1.874(3) A witha range of 1.871(4) A t0 1.876(4) A versus
an average of 2.01(4) A with a range of 1.970(4) A to 2.077(4) A. Less, but still enough of a
difference is seen for 4b, an average of 1.924(5) A with a range of 1.917(3) A to 1.930(3) A versus
an average of 1.976(22) A witha range from 1.960(3) A t01.991(3) A and for 4d, an average of
1.903(15) A with a range from 1.887(3) A t0 1.918(3) A versus an average of 1.98(2) A witha range
from 1.941(3) A to 2.012(3) A.

As described above, the Li-O bond lengths in the structure of 4c show the greatest
amount of variation, containing the shortest and the longest bond lengths of the cubane
ketoimine structures, as well as the shortest average bond length for the lithium bonded to the
oxygen of the ligand with which it lies in plane and the longest average bond lengths for
remaining Li-O bonds (0.206 A difference between highest and lowest). In contrast, the Li-O
bond lengths show the least amount of variation in the structure of 4b (0.075 A difference
between highest and lowest). The variation of the Li-O bond lengths in the cubane structure of 4-
isopropylaminopent-3-en-2-one from the literature and in the structure of 4d are median to the
two extremes and are similar to one another (0.129 A and 0.125 A difference between lowest and
highest, respectively). These differences are likely factors of the need to accommodate different
amounts of steric bulk. More specifically, the extra methyl on the backbone of the ligand in 4d in
comparison with 4b, the Ss« geometry of the literature structure accommodating much less steric

bulk with isopropyl itself being a bulky enough group to necessitate the variation in bond

27



lengths, and the extra bulk of the dipp isopropyl groups in 4c in comparison with the mesityl
methyls in 4d.

The coordinated dimer structures, except for 2a, also have a large enough difference
between the types of Li-O bonds (the shorter bonds are between the lithium and oxygen of the
ligand with which they lie in plane; longer bonds join monomers together) that the appropriate
way to look at them are as aggregates of monomers (1.888(3) A versus 1.948(3) A for 2b and
1.867(2) A versus 1.908(2) A for 2¢). However, the difference is much smaller for 2a, which

closely approaches a pure dimer with Li-O bond lengths of 1.899(3) A versus 1.917(3) A.

Figure 2.12 — ORTEP diagram of 2b with hydrogen atoms omitted for clarity (50% probability ellipsoids
shown).
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Figure 2.13 — ORTEP diagram of 2c with hydrogen atoms omitted for clarity (50% probability ellipsoids
shown).

In the previously reported cubane,” the ketoimine was the first ligand reported to form a
planar six-membered ring with the lithium atom [root-mean-square deviation of 0.056(4) A
averaged over the four cystallographically independent monomers]. 4b,c both show this type of
planarity as well with a root-mean-square deviation of 0.0225 and 0.0271, respectively. However,
4d only has one such planar six-membered ring with a root-mean-square deviation of 0.064 A,
whereas the other 3 Li atoms are out of plane with the ligands they are associated with in a
fashion similar to the coordinated dimer structures. This is likely a factor of crystal packing as
the individual molecule when optimized to a minimum energy with DFT calculations discussed
further in the next section has all of the ligands as six-membered planar rings with the lithium

atom.
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Figure 2.14 — ORTEP diagram of 4d with hydrogen atoms omitted for clarity (50% probability ellipsoids
shown).

The bond angles of the Li2O2 rings of the coordinated dimer and cubane structures are all
similar with an average Li-O-Li bond angle of 86(1)° (with a range in the averages for each
structure being 85(1)° to 88(1)°) and an average O-Li—O bond angle of 94(1)° [with a range in the
averages for each structure being 92(1)° to 95(2)°]. The bite angle of the ketoimines with lithium
[N-Li-O] is an average of 95.7 (9)° for 2a,b and 4b and 92.1(7)° for 2c and 4c,d. These numbers
are also similar to the published ketoimine lithium complexes” and other similar lithium complex

structures.’?”

2.4 DFT Calculation Results and Discussion
The geometry of the individual molecules as found in the crystal structures were
optimized to minima on the potential energy surface at the B3LYP//6-31G(d) level in part to

compare the geometry to the crystal structure geometry. The cubane clusters required the use of
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maxstep criteria to find the minima on the flat wide well which worked well in all cases but 4c,
which would not quite converge under tight convergence criteria, but the energy did plateau and
the fit was well within the loose convergence criteria. The geometries for the theoretical 2d
molecule, and the 4a molecule, of which no X-ray quality crystals were found, were also
computed at the same level of theory. The average bond lengths and angles of the X-ray and
computed structures are presented below in Tables 2.1, 2.2, and 2.3. The general atom numbering
scheme used in the tables is shown in Figure 2.15. To help in the understanding of why the rare
D2 structure was observed for all of the ketoimine cubanes instead of the Ss structure, two of the
cubane molecules, one representative of each aromatic substituent, were also calculated, partially
to obtain the energy of the minimum structures. Therefore, included in the latter table are the
bond lengths and angles for the calculated geometry of the Ss versions of 4c,d for comparison.
The DFT calculations of the alternate Ss structures for 4c,d show that although Ss is able to
accommodate the extra steric bulk, the Dz structure is energetically favoured by 23.37 and 40.81
kJ/mol, respectively.

The majority of the calculated bond lengths and angles are in good agreement with those
found in the X-ray structures. There are a few notable exceptions. For 1c,d the C>-Cs bond length
is over-estimated, as is the C+—~N-Cs bond angle. In general, most of the Li-N bond lengths were
calculated to be longer than found in the crystal structure. The largest degree of this difference
was found for 2a and 4c. Also generally over-estimated were the Li-O bond lengths - those not
in the plane of the ligand and to the THF. This particularily applies to 2a,c and 4c,d.

The calculated values for the computed geometries of molecules 2d and 4a are similar to
the other structures, well within the expected range given by the other known structures. The
geometric values for the alternate Ss structures are also similar to those found for the D

geometries.
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Figure 2.15 — The general numbering scheme used in the following tables.

Table 2.1 - The observed and calculated average bond lengths (A) and angles (°) for
compounds 1a-d.

1a 1b 1c 1d

Bond Actual Calc Actual Calc Actual Calc Actual Calc
O-C: | 1.2498(19) | 1.251 | 1.2405(18) | 1.250 | 1.2482(17) | 1.252 | 1.2482(17) | 1.252
C-Cs 1.421(2) | 1.438 | 1.425(2) | 1.438 | 1.4287(15) | 1.450 | 1.4275(19) | 1.450
Cs—Cs 1.376(2) | 1.385 | 1.3823(19) | 1.385 | 1.3867(18) | 1.395 | 1.3867(18) | 1.395
Ci—N | 1.3395(18) | 1.354 | 1.3398(18) | 1.385 | 1.3473(16) | 1.358 | 1.3473(16) | 1.358
Cr-Cs 1.5120(19) | 1.517 | 1.512(19) | 1.517
Angle

O_C(;z_ 123.16(14) | 123.50 | 123.01(13) | 123.47 | 123.68(12) | 123.98 | 123.69(16) | 123.99
CZ;(;S_ 123.22(14) | 123.04 | 123.27(13) | 123.07 | 120.09(11) | 120.40 | 120.18(14) | 120.46
CS_I\?_ 120.46(13) | 120.78 | 121.81(13) | 120.99 | 121.08(12) | 120.99 | 121.96(16) | 120.91
C:l:l_ 127.46(13) | 126.85 | 124.90(12) | 126.46 | 125.31(11) | 128.03 | 125.20(14) | 128.37
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Table 2.2 — The observed and calculated average bond lengths (A) and angles (°) for
compounds 2a—d.

2a 2b 2c 2d
Bond Actual Calc Actual Calc Actual Calc Calc
0-C2 1.2860(19) 1.290 1.283(2) 1.291 1.284(1) 1.289 | 1.292
C-Cs 1.372(2) 1.390 1.377(2) 1.390 1.385(4) 1.403 | 1.402
C3—Cs 1.431(2) 1.437 1.432(2) 1.435 1.450(1) 1451 | 1.451
Cs=N 1.301(2) 1.312 1.306(2) 1.312 1.307(0) 1.317 | 1.315
Cr—Cs 1.523(2) 1524 | 1.523
Li-N 2.021(3) 2.065 2.016(3) 2.022 2.022(2) 2.041 | 2.007
Li-O
(in plane of 1.899(3) 1.912 1.888(3) 1.902 1.868(1) 1.882 | 1.881
ligand)
Li-O
(not in plane 1.917(3) 1.939 1.948(3) 1.960 1.903(7) 1.947 | 1.947
of ligand)
Li-O (to THF) 1.988(3) 2.040 1.991(3) 2.016 1.979(23) 2.037 | 2.026
Angle
O0-C-Cs 125.34(16) | 125.76 | 125.57(16) | 125.81 125.47(4) 125.47 | 125.32
Co—C3—Cs 128.68(16) | 128.79 | 128.08(16) | 128.20 | 123.66(11) | 124.11 | 123.75
Cs—Cs-N 122.86(15) | 123.90 | 123.40(16) | 123.50 | 123.66(15) | 124.15 | 123.82
C:-N-Cs 120.58(14) | 121.48 | 118.78(14) | 122.10 | 120.76(9) | 121.76 | 122.27
O-Li-N 95.96(13) 96.58 96.49(13) 97.03 92.28(6) 92.98 | 92.99
Li-O-Li 85.89(13) 85.76 86.52(13) 85.57 | 88.05(1.47) | 86.73 | 85.74
O-Li-O 94.11(13) 94.24 93.48(13) 94.43 91.95(1.47) | 93.27 | 94.26
O-Li-Orsr 107.59(1.12) | 107.81 | 112.30(8.58) | 111.02 | 108.15(2.80) | 108.96 | 112.06
Cs+~N-Li 121.68(14) | 119.82 | 121.33(14) | 121.29 122.92(8) 122.59 | 123.92
C-0O-Li 123.68(14) | 123.27 | 124.39(14) | 123.70 | 126.68(19) | 127.04 | 127.13

33




Table 2.3 — The observed and calculated average bond lengths (A) and angles (°) for the
compounds 4a-d and the alternate S structures of 4c,d.

4a 4b 4c 4d
Bond Calc Actual Calc Actual Calc Sa(calo Actual Calc Sa(calo
0-C: | 1305 | 13032) | 1.306 | 1.310Q2) | 1.310 | 1.307 1.310(3) 1308 | 1.308
-G | 1378 | 1366(2) | 1.382 | 1.3703) | 1392 | 1.395 1.374(1) 1392 | 1.394
C-Ce | 1443 | 1440Q2) | 1442 | 1.460(7) | 1464 | 1461 1.454(2) 1458 | 1.457
C-N | 1311 | 13023) | 1.308 | 1.3092) | 1.314 | 1.318 1.305(4) 1312 | 1.314
C—Cs 1524(4) | 1.525 | 1.525 1.522(4) 1524 | 1.524
Li-N | 2078 | 1.9884) | 2.002 | 2.012(5) | 2056 | 2036 | 1.968(12) | 1.983 | 2.003
Li-O
in pl
(in 1; fane 1914 | 1.924(5) | 1931 | 1.874(3) | 1.878 | 1.881 | 1.903(15) | 1.897 | 1.887
ligand)
Li-O
(not in
2026 | 1.976(10) | 1.997 | 2.00939) | 2.046 | 2.049 | 1.976(22) | 2.014 | 2.036
plane of
ligand)
Angle
0-Cx-Cs | 12512 | 125.15(16) | 12534 | 124.8(4) | 124.85 | 124.91 | 125.17(30) | 125.32 | 125.52
C-Cs—Cs | 129.08 | 127.82(37) | 12891 | 124.03) | 124.06 | 12532 | 123.88(63) | 124.41 | 124.71
C-Ce=N | 12427 | 122.77(24) | 123.62 | 1235(3) | 124.83 | 124.96 | 123.33(28) | 123.84 | 124.12
C-N-Cs | 120.71 | 120.29(98) | 121.46 | 119.1(1.1) | 120.80 | 120.58 | 120.17(95) | 121.95 | 121.38
O-Li-N | 9596 | 9477(71) | 9733 | 91.3(4) | 9228 | 96.08 | 92.68(45) | 93.88 | 94.73
Li-O-Li | 87.72 | 85.65(1.92) | 85.84 | 86.1(2.8) | 86.53 | 87.37 | 84.79(1.35) | 85.38 | 84.99
O-Li-O | 91.90 | 94.07(2.26) | 9396 | 935(3.4) | 9318 | 92.57 | 94.95(1.54) | 9436 | 93.98
Co-N-Li | 12034 | 124.14(58) | 121.68 | 125.7(4) | 123.63 | 119.91 | 123.89(87) | 124.78 | 122.75
C2-O-Li | 125.09 | 125.08(78) | 123.13 | 1302(4) | 130.01 | 126.04 | 125.18(2.55) | 127.20 | 125.92
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Figure 2.16 — B3LYP//6-31G(d) optimized structure of the Ss geometry for 4c (visualized with Mercury 2.2).
The Li, N and O atoms are represented by spheres and the carbon atoms by tube-junctions. H atoms are
omitted.

Figure 2.17 - B3LYP//6-31G(d) optimized structure of the S: geometry for 4d (visualized with Mercury 2.2).
The Li, N and O atoms are represented by spheres and the carbon atoms by tube-junctions. H atoms are
omitted.
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The cubane structure, 4d surprisingly crystallized in the presence of enough of the highly
coordinating solvent THF that it could have, and was expected to, crystallize in the coordinated
dimer type structure. This posed the interesting question of why the cubane formed
preferentially in the case of 4d and not the other ketoimines. DFT calculations, in addition to the
standard optimization for geometric comparison to the determined crystal structure geometries,
were done in order to help answer this question.

One hypothesis is that the addition of the methyl onto the backbone (because of its
donor substituent properties) allows more electron density to be donated to the positively
charged lithium atoms, decreasing the need for lithium to coordinate to another molecule such as
THF. The extra bulkiness of the dipp on 1c in this case would have to be a preventive factor to
give the expected result. A computational study was designed to test this hypothesis by looking
at the changes in energy of the following reactions at the B3LYP//6-31G(d) level of theory:

1. 2 ketoimine + 2 BuLi + 2 THF — ((ketoiminate)LiTHF). + 2 BuH

2. 4 ketoimine + 4 BuLi — ((ketoiminate)Li)s + 4 BuH
If equation 2 is subtracted from 2 times the first it gives the equation for the conversion of the
cubane to coordinated dimer upon the addition of THF which is the equation of interest to the
hypothesis:

3. (ketoimineLi)s + 4 THF — 2 ((ketoiminate) LiTHF)2
The resultant changes in energy (AE) as calculated without and with inclusion of the zero point
correction (ZPC) are given in Table 2.4.

The numbers show that the enthalpy change alone is not the reason for the formation of
4d in the presence of THF. However, there is a noticable trend with respect to the dipp (1a and
1c) and mes (1b and 1d) substituents in AE for reaction 3. The AE for 1a,c is almost double that of

1b,d. This difference is even more extreme once the zero point correction energies obtained from
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the frequency calculations were included (because there was no frequency calculation done for 4c
due to not converging under tight convergence criteria only 1a,b,d are available for comparison).
The AE for 1b,d changes relatively little in magnitude while for 1a, the AE changed to more than
four times that of the calculations that did not take the ZPC into consideration. Other energy
factors, such as the crystal packing energy, which is not easily calculated,®® may overcome the
favorable formation energy of the coordinated dimer structure when THF is added to the cubane
molecule in the case of 4d only. Another factor may be the entropic energy change, which would
not be favorable for the third reaction.

Table 2.4 — The reaction energies for formation of the lithium complexes in reactions 1, 2, and 3
of ketoimines 1a-d.

AE (kJ/mol)*
Without ZPC Including ZPC
Ketoimine 1 2 3 1 2 3
1a -889 -1675 -104 -865 -1307 -423
1b -902 -1746 -59 -875 -1703 47
1c -865 -1597¢ -133* -835 - -
1d -878 -1686 =70 -852 -1647 -58

* The normal uncertainty in B3LYP//6-31G(d) is approximately +/- 5 k]J/mol.
# The optimization of 4c did not fully converge to the tight criteria although the
energy plateaued and the criteria were well within the loose convergence limits.

Another possible explanation is that a combination of the energy factors above and the
solubility differences between the complexes played a part in the cubane result. The dipp
containing species, 2a and 2c¢ were highly soluble in THF, whereas the mesityl containing species
2b and “2d” (the reaction resulted in the isolation of 4d although made in THF) were on opposite

ends of the spectrum — 2b was much less soluble in THF (about double the amount of THF was
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required to dissolve a similar number of moles) and “2d” was so soluble in THF that solid did not

precipitate until nearly all of the THF was removed under high vacuum.

2.5 NMR Results and Discussion

Of primary interest in the study of the lithium complexes is the structure of the
complexes in solution state. The analysis of the NMR results was therefore approached with this
goal in mind. Many interesting and at times apparently contradictory results were obtained with
regards to the 7 lithium complexes presented here, in particular with regards to the substituent
change from dipp to mesityl. To start with: the simple mesityl to dipp change in the substituent
on the ketoimine has a surprisingly large effect on the solubility of the lithium complexes. The
NMR for the coordinated dimer complexes were collected in a 1:1 THF:CsDs solution initially,
and then for comparison purposes the NMR for all 7 complexes was attempted in CsDs. The
mesityl based compounds, even the coordinated dimer complex 2b are all highly soluble in
benzene. However, the dipp containing Li species showed limited solubility in CéDs and become
much more soluble once THF was added to the solution.

The dipp complexes in 1:1 THF:CsDs gave high quality NMR spectra, with only one
sharp signal in the 7Li NMR spectrum. This shows that in this particular solution only one
species is present. The mesityl complex 2b behaved differently than the dipp complexes 2a,c
when dissolved into the 1:1 THF:CeDs solution. Two closely placed signals became apparent in
the 7Li NMR spectrum as shown in Figure 2.18. The 'H NMR spectrum also showed a great deal
of change, with broadened signals, two obvious sets at lower concentration which at higher
concentration began to merge together (Figure 2.19). This shows that two species (possibly
closely related) are present in solution and some sort of relatively slow exchange processes are

likely occuring. Also interestingly, the mesityl species, 2b and 4b, had precisely the same NMR
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chemical shifts for the '"H and 7Li in CéDs except that 2b contained THF signals and 4b contained

toluene signals (the crystals of 4b contained toluene in the lattice).

T T T T T T T T T T T T T T
4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 -0.5 -1.0 1.5 ppm

Figure 2.18 — ’Li NMR of 2b in 1:1 THF:Ce¢Ds.

This means that the coordinated dimer structure (with coordination to THF) is not the
structure in solution state for 2b because such a solution-state is not possible for 4b without
addition of THF to the sample. Therefore, the structure of both 2b and 4b, is likely either the
monomeric or the cubane structure, however, several other combinations are also possible with
consideration of the literature.® Only 1 species is present though given the sharp singlet in the
’Li NMR spectrum. The proton spectrum for 4b is shown in Figure 2.20.

For 2a, NMR in THF-ds was also attempted. This gave a sharp 7Li signal, but the 'H NMR
spectrum had more signals which were broadened, also denoting slow exchange, possibly
between THF-dsand undeuterated THF coordination. This spectrum is shown in Figure 2.21 to
demonstrate the odd effects observed. The peaks in this spectrum were not assigned or

conclusively analysed further.
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Figure 2.19 — "H NMR spectrum of 2b in 1:1 THF:C¢Ds. The THF solvent peaks are shown by the *
above them.
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Figure 2.20 — The '"H NMR spectrum of 4b in CsDs at 25°C. The peaks with * above them are
uncoordinated ketoimine peaks. The crystals were shown to be pure material via the elemental analysis
results in conjunction with the knowledge that only 0.4:1 molar ratio of toluene:4b remained at the time
this NMR and the elemental analysis were performed.
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Figure 2.21 - "H NMR spectrum of 2a in THF-ds.

The first attempt to determine the solution state structure was through analysis of the 7Li
NMR. However, there are a few things to keep in mind when looking at 7Li NMR spectra
especially for the comparison of chemical shift with respect to the structural information that can
be gleaned. With 7Li NMR spectroscopy, chemical shift arguments for particular structure are
made much less often than other nuclei because lithium shifts are as sensitive to solvent effects,
viscosity, temperature and concentration as they are to structural differences. Reliably detecting
structural differences in 7Li NMR spectra usually requires the use of spin-spin coupling to other
nuclei and often the slowing-down of the often fast fluxional exchange processes of lithium
complexes by cooling in VI-NMR.# Below, comparisons are made between a paper in the
literature and the results for the ketoimine complexes presented here. This is done on the basis

that the ligands themselves are quite similar and the NMR experiments were done in the same
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solvents at the same temperature. The cited paper had analytically controlled concentration,
however no appreciable effect on the lithium shift was observed here when the concentrations of
the ketoimines was changed.

The Sasamori research group made three new overcrowded diketoiminates with 2,4,6-
tris[bis(trimethylsilyl)methyl]phenyl (Tbt) on one of the nitrogens and an aryl group on the other
(Figure 2.22). This was successful with high yield for phenyl, o-tolyl, and mesityl; trace amounts
of the dipp version was made and a second Tbt could not be placed on the ligand.#! The lithium
complexes of the phenyl and mesityl containing species were then prepared and analyzed by 'H,
13C, and 7Li NMR spectroscopy in CsDs (which they were highly soluble in). The mesityl species
was also characterized by X-ray crystallography. The NMR work on these lithium complexes of
overcrowded p-diketoiminate ligands (versions of NacNac) may give some insight into the above
observations with the ketoimine complexes, in particular with the interpretation of the lithium

signal shift with regards to what type of complex is present in solution state.

_ THF
AN - Tht A /N ot Ji
N N N N Mes._ / \_ _Tbt
L
Ar= Ph, o-Tol, Mes, Ar= Ph, Mes ] N
Dipp (made only trace amounts), Detected in NMR spectrum when small
Tbt (unsuccessful) amounts of THF were added

to the benzene-d s solution

Figure 2.22 — The literature structures from the Sasamori paper discussed above used for
comparison and interpretation of the ketoimine 'Li NMR results.

The bulky ligands complexed with lithium in a monomeric form and did not have any
coordinating solvent molecules present, shown by all of the above methods. The group then
proceeded to a detailed NMR study of the mesityl complex by adding various amounts of THF to
the NMR solution in order to determine the equilibrium between the free monomer and the THF

coordinated monomer for the mesityl containing ligand. The 7Li and '"H NMR spectra were
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monitered for changes. With increasing amounts of added THF to the NMR solution the 7Li
signal shifted upfield while the THF signals in the 1H NMR spectrum shifted downfield towards
the normally expected regions. The free monomer in pure CeDs had a sharp 7Li signal at 2.33
ppm. Ittook only a small addition for a large difference in the shift of the 7Li signal to be
observed. With 50:1 CsDe:THF ratio, the 7Li signal shifted to 1.79 ppm (a sharp singlet denoting a
fast exchange process between the free monomer and THF-coordinated monomer).

Table 2.5 — "Li NMR signals in ppm of the lithium ketoimine
complexes in various solvents.

NMR Solvent Used
Sample CsDe 1:1 THF:CeDs THF-ds
2a - -2.14 1.22
1.52
2b 2.76 1.35 (1.75x taller) -
2c 2.76 (v br) 133 -
4b 2.76 - -
4d 1.44 - -

When these numbers are compared with the lithium complexes of the ketoimines in
Table 2.5, a few parallels can be drawn and more can be potentially understood about these
species in the solution state. The mesityl complexes 2b and 4b each have a sharp lithium signal at
2.76 ppm in the 7Li NMR spectrum. If direct comparison of the 7Li NMR shifts can be drawn this
would mean that a monomer (uncoordinated to THF for 2b and 4b) is what is present in CsDs. In
1:1 THF:C¢Ds solution, the mesityl compound 2b has two sharp singlets at 1.52 and 1.35 ppm and
2c¢ comes in at 1.33 ppm denoting primarily THF-coordinated species with fast exchange (if any)
of the THF. The "Li NMR signal for 2a in 1:1 THF:CeDs and for 4d in CsDs are both remarkably

different from the others: —2.14 and 1.44 ppm, respectively.
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One theory to explain this is that 2a may actually exist in the 1:1 THF:CsDs solution as the
THEF-coordinated dimer instead of the monomer (which would be expected to shift the lithium in
this direction although not this far). As far as the result for 4d goes, if the coordination number is
the important part of lithium shift for these similar complexes, then this likely indicates that the
coordination number of the lithium in solution is 3 — which fits with the structure being a dimer
in the uncoordinating solution. In addition, for 2a, for which the NMR spectrum was also
recorded in THF-ds, the lithium signal came in at 1.22 ppm. Taking the obvious slow exchange
between more than one species taking place in the 'TH NMR spectrum into account as well, this is
also an interesting result, given that a signal in this region for similar types of compounds
denotes fast exchange between uncoordinated monomer and coordinated monomer.

The analysis of the 7Li NMR spectrum was an interesting approach to answering the
question of solution state, however, closer analysis of the much more reliably (recall the
sensitivity of 7Li NMR shift on numerous variables) diagnostic 'H NMR spectra, discussed below,
shows that the 7Li NMR shifts cannot be used for the determination of the solution state for these
complexes.

As alluded to above, the analysis of the 'H NMR spectra yields a much different
conclusion about the solution-state structure of these complexes. In particular, the shift of the
signal of the methyl adjacent to the carbonyl on the ketoimine in the free ligand versus the
lithium complexes as well as the shift of the THF signals is indicative of the solution-state
structure. In the free ligand, the signal of the methyl adjacent to the carbonyl is 0.6 to 0.7 ppm
downfield of the signal of the methyl adjacent to the CN. Looking at the X-ray crystal structure
shows that it is likely that this is largely because of strong ring shielding of the aryl group on the
CN side of the molecule with an average distance of 3.85 A from the centroid of the ring to the

methyl group. In all of the lithium complexes this methyl signal shifts upfield to close to the CN
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adjacent methyl signal (0.03 to 0.06 ppm away), so close that it becomes difficult to
unambiguously assign the signals even with analysis of the HSQC and HMBC. This shifting can
be attributed to the ring shielding effect that would occur only in the case of ring shielding of the
CO side from an adjacent ligand, which excludes the presence of a monomeric solution state for
2a-c and 4b,d. In 4b, the distance of the centroid of the ring to the methyl adjacent to the
carbonyl averages 4.78 with a total of 8 interactions. In 4d, this measurement averages 3.88 A
with 4 such interactions. In 2a-c, the distance averages 5.30 A. Previously published
characterization data's of aluminum complexes of ketoimine 1a show definitively that ring
shielding of an adjacent ligand is the cause of the shift. Some examples of single ketoimine ligand
containing complexes and examples of those containing two ketoimine ligands with the
appropriate conformation for ring shielding to have an effect on the methyl adjacent to the
carbonyl. The complexes containing only one ligand have the shifts of the methyls on the
carbonyl similar to the free ligand, where as the complexes with two ketoimine ligands show the
dramatic shift similar to 2a-c and 4b,d. The '"H NMR data comparison of 1a,c with 2a,c as well as
the aluminum complexes noted above is shown in Table 2.6 and the 'H NMR data comparison of
1b,d with 2b and 4b,d is shown in Table 2.7. The average distance from the centroid of the aryl
ring to the methyls adjacent the carbonyl and amine are shown in Table 2.8.

The above observations, along with the similar NMR spectra of 2b and 4b (excluding
solvent) and the fact that the THF signals in the "H NMR of 2b is the same as that for free THF in
benzene at 3.57 and 1.41 ppm,* leads to the conclusion that for 2b and 4b,d the solution state
structure is the cubane. This also helps explain the cubane crystallizing out of a solution
containing THF in the case of 4d. As well, looking at the nature of the crystal structures of the
cubane molecules in space filling view, explains the solubility differences between the mesityl

and dipp containing species. 4a,c are tightly-enclosed and almost spherical surfaces which are
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difficult to solvate with benzene, whereas 4b,d have much more open surface cavities where

solvation can initiate.

R =H, CH;
Figure 2.23 — Proton labeling scheme for Table 2.6 below.

Table 2.6 — The 'H NMR data for 1a,c; 2a,c; and literature aluminum
complexes with ligand 1a.

1H Signal

a b c d e f 4 H i
1a (CDCl) 213 | 522 | 164 | 3.02 | 115 | 1.21 | 719 | 730 | 12.05
1a (CsDe) 2.06 5.14 1.41 3.10 1.08 1.02 7.20 7.14 12.70
1c (CDCl) 224 | 192 | 170 | 3.01 | 1.14 | 118 | 717 | 728 | 13.18
1c (CsDe) 215 | 174 | 151 | 313 | 1.05 | 1.09 | 705 | 7.16 | 13.86
2a (CsDe:THF) | 1.66 | 482 | 161 | 3.16 | 119 | 114 | 711 | 7.02 -
2¢ (CeDe:THF) | 174 | 1.85 | 1.68 | 3.11 | 116 | 1.10 | 710 | 7.00 -

(1a”)AlMe: 207 | 534 1.74 292 1.19 1.08 7.20 -

(1a’)AlEt: 2.10 5.34 1.75 2.93 1.10 1.22 7.20 -
- 2.93

(1a"):2A1Me 1.61 5.60 1.17 3.06 1.12 7.10 -
- 294

(1a)2AlEt 1.62 5.00 1.17 319 1.06-1.28 7.12 -
- 2.82

(1a):2A1C1 1.68 522 1.21 330 1.04-1.25 7.15 -
- 2.77

(1a):2AIF 1.63 5.15 1.21 318 1.04-1.25 7.15 -
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Figure 2.24 — '"H numbering scheme for Table 2.7 below.

Table 2.7 - The 'TH NMR data for 1b,d; 2b; and 4b,d.

'H Signal

a b c d e f g
1b (CDCls) 2.10 5.19 1.62 2.15 6.90 228 | 11.85
1b (CeDs) 2.08 5.10 1.33 1.97 6.63 2.06 | 12.33
1d (CDCls) 222 191 1.70 213 6.89 2.28 | 12.99
1d (CsDe) 2.14 1.73 1.45 2.00 6.82 2.10 | 13.49
2b (CeDs) 1.52 5.02 1.49 2.12 6.84 2.20 -
4b (CsDs) 1.52 5.02 1.49 2.12 6.84 2.20 -
4d (CsDe) 1.61 1.92 1.56 2.01 6.86 2.22 -

The THF signals in 2a-c in the '"H NMR spectrum in mixed solvent 1:1 CsDs:THF gives
evidence that in coordinating solvent, there is fast exchange between coordinated and
uncoordinated THF with signals at 3.59 and 1.61 ppm for 2a, 3.58 and 1.58 ppm for 2b, and 3.59
and 1.63 ppm for 2¢, eliminating the cubane structure as the solution state. The shift of the 'H

signal of the methyl on the carbonyl side indicates that ring shielding is occurring and therefore
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an adjacent ligand must be present, which means that a monomeric solution state is eliminated as
well. For 2a,c with sharp 'H signals and a single sharp lithium signal, this means it is likely that
the coordinated dimer structure is the solution state structure for these two compounds and that
the larger distance between the centroid of the aryl ring and the carbonyl adjacent methyl is still
able to exude enough ring shielding to move the signal for that methyl so strongly downfield.
Another possible structure would be some sort of trimeric solution state that may also allow for
coordination by THF. For 2b, which recall had broad signals in the 1H NMR spectrum and two
closely placed sharp signals in the 7Li NMR spectrum, there is likely a slow exchange going on
between the coordinated dimer and cubane structures.

Table 2.8 — Average distances of the aryl centroid to the methyl adjacent to CO and CN which
results in ring shielding effects seen in the 'TH NMR spectrum.

Distance of Aryl Centroid to: Distance of Aryl Centroid to:
CHs CHs CHs CH:s
adjacent CN | adjacent CO adjacent CN adjacent CO
la 3.941 - 4b 3.786 4.775
1b 3.827 - 4c 3.698 4.919
1c 3.770 - 4d 3.739 3.881
1d 3.853 - (1a)AlMe: 3.784 -
2a 3.790 5.361 (1a)AlEt:2 3.681 -
2b 3.702 5.317 (1a):A1Me 3.622 3.903
2¢ 3.773 5.224 (1a)2AlEt 3.628 3.927
2d* 3.830 5.055 (1a)2A1C1 3.626 3.904
4a* 3.786 4.960 (1a)2AIF 3.635 3912

* Measurements are from the DFT calculated structures.
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2.6 Crystal Structure of the Magnesium Complex of 1b

Figure 2.25 - ORTEP diagram of magnesium complex 3b with hydrogen atoms omitted for clarity (50%
probability ellipsoids shown).

In addition to the lithium complexes above, the magnesium complex of 1b was also
isolated and studied by X-ray crystallography (Figure 2.25). Only four ketoimine Mg complexes
have been previously reported which have an aryl or the closely related cyclohexane substituent
on nitrogen.'"% This includes both four-coordinate and five-coordinate monomeric complexes —
a rareity for the four-coordinated magnesium which generally exist as a dimer or trimer in the
crystalline state.** The previous four-coordinate and five-coordinate magnesium ketoimine
complexes used for comparison (Figure 2.26) studied by X-ray crystallography have been found
to consist of ligands arranged in a distorted tetrahedral and trigonal bipyramidal geometry,
respectively. Eight other Mg complexes of closely related structures have also been reported*
but will not be used below for comparison purposes.

The particular magnesium complex isolated for 1b was therefore an unexpected result,

consisting of two different types of magnesium — one four-coordinate with coordination to one
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ketoimine through both the oxygen and nitrogen, to another through the oxygen only, and to a
butyl group and one five-coordinate with coordination to two ketoimines through both the
oxygen and nitrogen and to another through the oxygen only. The two magnesium atoms are
joined via two of the three ketoimine ligands providing a bridging oxygen atom to be shared
between the metal centres, creating a planar Mg20: centre ring much like the lithium coordinated
dimer complexes. The other ketoimine ligand is solely coordinated to the five-coordinate
magnesium. As expected the four-coordinate and five-coordinate magnesium centres exhibit
distorted tetrahedral and trigonal bipyramidal geometry. Selected bond lengths and angles for
the crystal structure as well as for the B3LYP//6-31G(d) optimized geometry are given in Table

2.9.

Ar= Dipp, Cyclohexane
Figure 2.26 — The four literature ketoimine Mg complexes which have been previously reported and used
for structural comparison.

Different levels of electron delocalization are observed in the ketoimine backbone for the
bridging ligands versus the non-bridging with an increase in all of the bond lengths seen for the
bridging in comparison with the non-bridging. The analysis of the N-Mg and O-Mg bond
lengths are a little more complex in this case, given the different types present. All of the N-Mg
bond lengths in 3b are elongated in comparison to the four-coordinate ketoimine magnesium
complexes in the literature — 2.105(2), 2.153(2), and 2.107(2) Ain comparison with 2.059(1) and

2.076(9) A — and similar to the five-coordinate — 2.144(10) and 2.161(3) A in the literature

structures. To summerize, in 3b, the four-coordinate N-Mg (which is for a bridging ligand) is
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similar to the five-coordinate N-Mg bond length for the non-bridging, and the bridging of the
five-coordinate is much longer.

Generally speaking, the five-coordinate Mg has longer bond lengths to nitrogen than
four-coordinate Mg due to increased steric congestion and greater dissipation of the electrostatic
charge over five donor lone pairs versus four. In 3b, the bridging ligands have even longer bond
lengths due to more sharing of the electron density. A similar consideration can be used to make
sense of the O-Mg bond lengths, 1.9514(18) A for the non-bridging ligand, 2.0008(4) A for the
four coordinate bridging, and 2.06(4) A for the five-coordinate bridging ligand. In the literature,
four-coordinate Mg-O ketoimine bond lengths are an average of 1.908(16) A while the five-
coordinate are an average of 1.97(3) A.

All of the bite angles here for the ketoimine ligands for both magnesium centres are
slightly less than 90° (85.09(8)°, 88.84(8)°, 89.00(8)°) which is similar to the five-coordinate
ketoimine literature structures which have a range of 86.25(8)-88.4(1)°, whereas the four-
coordinate literature structures tend to have slightly larger bond angles with an average of
92.50(1.46)°. This increase is likely due to the distorted tetrahedral geometry trying to get as close
as possible to the ideal bond angle of 109.28°. The remaining angles around the four-coordinated
Mg are 80.10(7)°, 110.96(8)°, 117.15(11)°, 120.85(11)°, and 130.98(10)°, to give an average of
108.00(19.3)° — close to the expected tetrahedral. The four-coordinate dipp ketoimine complex in
the literature exhibits a more distorted tetrahedral geometry with a range of angles from 91.58(6)
—143.43(7)° with an average of 111.43(5.1)°. The four-coordinate cyclohexane ketoimine in the
literature is the least distorted tetrahedron with the range of angles being from 93.34(4) —

123.80(5)° with an average close to a perfect tetrahedron at 109.83(14.4)°.
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Table 2.9 — Selected average bond lengths (A) and angles (°) of magnesium complex 3b.*

Bond Actual Calc | Angle Actual Calc
Ob—C2 1.320(9) 1.317 0-C-Cs 123.79(88) 124.32
Oner—Cz 1278(3) | 1.283 C2-Cs~Cs 127.52(57) | 128.13

C2-Cs (brlig) 1.354(3) | 1.376 Cs-Co-N 122.83(29) | 123.88
C2-Cs (nbrlig) 1.380(4) 1.396 Cs—-N-Cs 118.68(71) 119.56
Cs—Cs (brlig) 1.441(11) 1.442 C-O-Mg 126.6(3.1) 125.78
Cs—Cs (nbrlig) 1.410(4) 1.422 Ci—N-Mg 124.82(80) 122.73
Cs—N (brlig) 1.302(3) 1.312 Ob—Mgt-coor—Obr 80.09(7) 79.43
C-N (nbrlig) | 13183) | 1.329 | Ob—Mgs<oo—Obr 7745(7) | 7691

O-Mgi-coor 2.0008(4) | 2.045 170.21(8) | 168.95
ObI—MgS-coot—Onbr
Ob—Mgs-coor 2.058(39) | 2.101 97.11(7) 95.70
Onb—Mgswoor | 1.9514(18) | 1.981 Mg coo—Ob—Mgs- 100.87(1.32) | 101.13
N—Mg4-coor 2105(2) 2.159 Onbx—MgS-coor—Nnbrlig 8900(8) 89.39
N—Mgs-coor (brlig) 2153(2) 2.154 Onbt—MgS-coox—Nbrlig 9246(8) 93.07
N—MgS-coor Obx—MgS-com—Nbrlig
2.107(2 2.214 . 1
(nbrlig) 07(2) (same ligand) 85.09(8) 8210
Obt—MgS-coot—Nbrlig
Mgi-coo—Cu 2140) | 2138 | (ibeeront ligandsy | 12001®) | 12688
Obr—MgS-coot—Nnbrl 10061(8) 101.17
ig 113.46(8) 115.45
N—Mg4-com—o
(same ligand) 88.84(8) 89.29
N—Mg4-coot—0
) ] 110.96(8) 112.77
(different ligands)
N-Mgs-coo—N 115.66(9) | 116.93
N-Mgs-coo—CBu 117.15(11) 117.51
120.85(11 121.90
O—Mg4-coox—CBu ( )
130.99(10) | 126.74

* Key : Br = bridging, lig=ligand, n=non, coor=coordinate, Bu=butyl.
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The five-coordinate ketoimine magnesium centre in this complex exhibits a more
distorted trigonal bipyramidal geometry than the other two in the literature, in particular shown
by the angle of the axial oxgyens with the magnesium centre. In the literature, these angles are
closer to linear with 178.62(8)° and 174.9(1)° in comparison with this complex which was found to
be 170.21(8)°. There is also a larger range of the angles from the axial atoms to the equitorial
atoms, which should ideally be 90°, from 85.09(8)° — 100.62(8)° with an average of 89.57(6.2)° in
comparison to the literature which have a range of 85.75(7)° - 94.98(8)° (average: 90.00(4.3)°) and
87.4(1)° - 93.91(1)° (average: 89.93(2.5)°). The angles between the equitorial atoms should ideally
be 120°. Observed for 3b was 115.67(9)°, 113.46(8)°, and 130.00(8)° (average: 119.71(9.0)°) which is
similar to the literature values of 114.34(8)°, 115.15(8)°, and 130.49(8)° (average: 119.99(9.1)°) and
117.3(1)°, 117.3(1)°, and 125.4(1)° (average: 120.00(4.7)°).

The magnesium atoms in complex 3b extend above the plane of the ketoimine by varying
amounts — 0.582 A for the five-coordinate Mg to the bridging ligand, 0.222 A for the terminal
ligand, and 0.570 A for the four-coordinate Mg bridging ligand. The literature values vary
greatly from close to planar with the five coordinate (0.052 - 0.189 A, average: 0.099(79) A) to less
close to planar with the four-coordinate (0.241 - 0.378 A, average: 0.340(67) A) for the same
measurement. The values for 3b are likely due to the four-coordinate and five-coordinate
magnesium atoms being attached to one another via the planar Mg»O: central ring. This central
ring has Mg-O-Mg bond angles averaging 100.87(1.3)° and O-Mg-O bond angles averaging
78.77(1.9)°. This is quite a bit different from the observed Li2O: central rings in the lithium
complexes discussed above which have angles much closer to 90°.

The calculated geometry matches, for the most part, the observed geometry of 3b. Most

significantly, the Mg:0: central ring is calculated to not be planar, and five out of seven of the
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bond lengths to the magnesium centres are predicted to be much longer than observed. The

remainder of the geometry is well predicted.

2.7 Conclusions

The crystal structures of 1a-d show, once again, that the solid state of ketoimines is
unambiguously the enamine. The crystal structures of 2a-c were the expected THF coordinated
dimer. The cubane complex 4d was an unexpected result from the same reaction conditions as
2a-c, but was crystallized in heptane plus approximately 3 molar equivalents of THF with respect
to 1d because of its level of solubility in THF. In interest of comparison, 4a-c were also made and
recrystallized (reaction conditions excluded any coordinating solvent) and for 4b,c crystal data
was collected and solved. The crystals of 4a were too small for quality X-ray data to be collected.

The NMR spectra of all of the lithium complexes were attempted, but 4a and 4c were not
soluble enough in the uncoordinating CsDs and therefore spectra for those two complexes could
not be collected. 2a,c were also poorly soluble in pure CsDe, but fully assignable spectra were
collected using a 1:1 ratio of CsDs and THE. 2b was soluble in pure CsDs and a high quality 'H
spectrum was collected. The spectra collected in 1:1 CeDs:THF for 2b to compare with 2a,c
showed evidence of relatively slow exchange processes between two lithium species.
Interestingly, the '"H and 7Li NMR spectra collected for 4b in CeDs was the same as for 2b
(excluding solvent peaks) and the THF signals in 2b were the same as previously shown to be
free THF in CeDs. This, along with evidence of ring shielding of adjacent ligands on the 'H signal
of the methyl on the carbonyl, led to the conclusion that 2b, 4b, and 4d exist in the cubane form in
solution state. 2a,c were concluded to be in either the dimeric or trimeric state in coordinating
solution because the 'TH NMR spectra for these species show evidence of exchange between
coordinated and uncoordinated THF and also retain the evidence of ring shielding from adjacent

ligand(s).
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The magnesium complex 3b of 1b was also isolated as X-ray quality crystals. Complex
3b is unlike the other reported magnesium complexes of similar ligands because it has two
magnesium centres: one which is 4 coordinate with coordination to butyl along with the nitrogen
and oxygen of one ketoimine ligand and the oxygen of another and the oxygens of both of those
ketoimine ligands bridging to the other magnesium centre which is 5 coordinate with
coordination to the oxygen of one ligand, the nitrogen and oxygen of the other bridging, and the
nitrogen and oxygen of a ketoimine ligand which is not shared with the other magnesium centre.
This complex was not otherwise characterized because it decomposed before any NMR spectra

could be attempted and there was not available time to remake it.
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Chapter 3

Alkynyl Imines and Diimines

3.1 Literature Background on Alkynyl Imines

Alkynyl imines (A-6) have been investigated extensively particularly in the last 15 — 20
years due to their synthetic utility as precursors for a variety of potentially biologically active
molecules and molecules with potential utility in materials science. The following discussion will
be limited to alkynyl imines where R # H, although much of the synthetic uses can be expanded

to similar types of reactions for all alkynyl imines.

Rll
A-6

Figure 3.1 - The general form of alkynyl imines.
3.1.1 Literature Synthesis of Alkynyl Imines
A variety of synthetic methods have been used to make alkynyl imines of the type of interest

here. Most of them are summarized in Scheme 3.1:
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Scheme 3.1 - Summary of the synthetic methods used in the literature for obtaining alkynyl imines.
Reaction conditions as follows: A. (1) R”-C=C-H, EtsN, Pd(II) acetate, PhsP, X=CI;! (2) R"-C=C-H, Et:N,
ClLz(PhsP)2Pd, Cul, X= Cl], ;2 (3) R"-C=C-H, Pd(0) catalyst, Cu(I) species, X = Cl, I;* (4) Li[R”"-C=C-Cu-I, X =
ClL;# (5) R”-C=C-MgBr, X = CI;® (6) R”-C=C-H, Step 1: EtMgBr, Step 2: CuBr-Me:S, Step 3: the imidoyl
chloride;® B. Ph—C=C-Br;” C. (1) R-NH>, molecular sieves;* 8 (2) silica gel in CClg; (3) RN=CHR’, reduced
pressure;® D. 3 Steps: 1. LITMP, 2. TMSCI, 3. NH4C];° E. (1) 3 Steps: 1. CHClz, CsH4CIN, 2. (CFsS02)20, 3.
TMSC=CCu;" (2) Tf20, PhsPO, CH2Cl,, R"-C=C-TMS;" F. R"-C=C-H, Cul-dppe, K-COs, DMF;? G. NaH,
DMSO.1

The synthesis of alkynyl imines was first reported by Austin et al.! in 1981 as the group’s
research into acetylene-terminated aromatic and heteroaromatic oligomers prompted the
development of an efficient synthesis of ethynylated compounds. As a part of this development
they made one alkynyl imine via route A, which is a palladium-catalyzed coupling reaction
between imino halides and mono-substituted acetylene which is a reaction that was further
developed by other groups and has been used commonly in the literature.23 Also starting from
the imidoyl chloride, Wurthwein in 1987, through the development of the synthesis for the novel

type of compound, 2-azabut-1-en-3-nes (Figure 3.2), reported the synthesis of one alkynyl imine
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by use of a lithium copper iodide alkyl acetylene reagent. In addition, other groups have
reported using Grignard or copper reagents to add the alkynyl group to various imidoyl

chlorides.

RI

A

R——N
Figure 3.2 — The general form of 2-azabut-1-en-3-nes.

The second alkynyl imine in the literature was generated by the B reaction as a portion of
a synthetic study which used imines as a synthetic precursor to the corresponding ketones via
hydrolysis of the imine. The starting point here was instead the lithiated imine to which a
brominated acetylene was added.”

Two types of reactions starting from the alkynyl ketone: (1) condensation? 58 and (2)
exchange® are shown as reaction type C. The condensation type of reaction is used commonly to
make imines or add an imino group to make other types of compounds such as ketoimines as
done in the previous chapter. The first attempt at the condensation reaction was one of the initial
attempts of the synthesis of alkynyl imines and it was only minutely successful which led the
same group to the exchange reaction which worked better in their case. Other groups have since
been more successful with the condensation reaction with changes to the reaction conditions.

Reaction type D in Figure 3.2 with the ketoimine, was designed with the intention of the
synthesis of ketones, and alkynyl imines were simply the unexpected product of the reaction
which could be converted into the intended ketone. A few minor tweaks to the reaction
conditions gave the group their desired product.’

The E reaction type uses an amide as a starting point, which can be converted to the
respective alkynyl imine via either a copper acetylene reagent or bis(trimethylsilyl)acetylene

under metal free reaction conditions. This type of reaction saves the step of converting the amide
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into an imidoyl chloride before conversion into the respective alkynyl imine, since amides are the
usual precursor to imidoyl chlorides.!o 1
Reaction type F, reported by Okura in 1993'2 makes use of a mono-substituted acetylene
and copper catalyst under basic conditions to convert a nitroxide into an alkynyl imine. Finally,
reaction type G is an elimination reaction that can be used to form the desired alkynyl imine.’
Lastly, in addition to the reactions summarized above, one more synthesis of alkynyl
imines was discovered in 2005 as a result of an odd outcome of a reaction where the desired

products were the respective amines (Scheme 3.2).

F,C
ﬁ‘ + L—=—=—pPh —— FCH

Scheme 3.2 — Unexpected product reported by Magueur in 2005.1 Reaction conditions: Toluene, -78°C to
room temperature. R = Bn, PMP.

3.1.2 Uses of Alkynyl Imines

Alkynyl imines are widely useful synthetic precursors to potentially biologically active
molecules and in materials science (Figure 3.3). In particular, these compounds can undergo
cyclization reactions (ring-closing reactions) to five and six-membered heterocycles such as
pyrrolines A-7,% pyrroles B-7,3 %615 quinolines® ¢ C-7 and other pyridine derivatives D-7.10 162
In addition to this, alkynyl imines can yield propyne iminium salts E-7 which are important
building blocks in the organic synthesis of aminoallenes, 1- & 2-dienamines, and
propargylamines. 517 Most recently, alkynyl imines have been important precursors to optically

pure {3,y-alkenyl a-amino esters F-7.18
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Figure 3.3 — The important molecules that alkynyl imines can be used to make.

3.2 Synthesis

The first attempts to synthesize the desired alkynyl imines involved reaction of imidoyl

chloride and sodium or lithium acetylide (Scheme 3.3).

MR -MCL MR
+ Mietal acetilide

R cl R =N

Metd acetylide= Na———H | Li—— H-HENWNHZ
For example: ’

R = dipp ;R'=tald

E = dipp ;"= metind

E =phenyl : B’ = t-burd

Scheme 3.3 - Metal acetylide synthesis tried first for synthesis of desired alkynyl imines.
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These reactions resulted in alkynyl diimines (Figure 3.4) instead of alkynyl imines, which, to the
best of our knowledge, are a novel type of compound. The mechanism for this reaction is

proposed in Scheme 3.4 using the sodium acetylide reaction as a representative example.

R
/
N R'

— \(/N
R

Sa:R=Ph,R'=t-Bu
5b : R = Dipp, R' = p-Tol

Rl

Figure 3.4 — Novel alkynyl diimines isolated in the first attempted synthesis of alkynyl imines.

NR
NR -NaCl

+ Na———H D —— + Na———H

R cl R X

H
- H——=——-~H
I -NaCl NR "
X Y R R‘K R')\
Na H

NR
S5a: R=Ph,R'=t-Bu
5b: R = Dipp, R' = Tol
Scheme 3.4 — Proposed reaction mechanism which lead to the alkynyl diimine result.
Following this, an alternate route was derived which involved reaction between the imidoyl
chloride and bis(trimethylsilyl)acetylene with aluminum chloride catalyst (Scheme 3.5). This
reaction proceeds from a different mechanism and therefore was successful in isolating the

desired compound after desilylation via the literature method.” The less bulky N-dipp-methyl

imidoyl chloride gave mixtures from which the desired product was not able to be isolated.
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NR CHCI, NR 1:1 THF:MeOH NR
)J\ + TMS—=—=—TMs —— —
R’ cl R K,CO,

A

R'

/

™S
Scheme 3.5 - Reaction scheme for the exact analogue based on literature for acid chlorides.

Therefore, the alkynyl imines to be presented here are shown in Figure 3.5. 6a and 7a have been

previously reported!® and the literature values are compared here to the new molecules 5a,b and

6b, 7b.

6a: R = Ph, R' = t-Bu, R" = SiMe,
6b: R =Dipp, R' = p-Tol, R" = SiMe,
7a:R=Ph,R'= t-Bu, R" = H

7b: R = Dipp, R' = p-Tol, R" = H

Figure 3.5 — The literature alkynyl imines (6a and 7a) and the new alkynyl imines (6b and 7b) prepared
during the research presented here.

3.3 X-Ray Crystallography Results and Discussion

Although many alkynyl imines have been reported, many of them are oils at room
temperature, and the few that are crystalline have not had X-ray crystal structures reported on
them. In fact, only a few structures containing the R-N=C-C(R)=C(R) moiety have been reported
(Figure 3.6) and are available for comparison to the alkynyl imine and diimines reported here.

Key bond lengths and angles are listed in Table 3.1.
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Table 3.1 - Important bond lengths (A) and angles (°) for the alkynyl imine and diimines
compared to the B3LYP//6-31G(d) optimized structures, and the average literature values for
similar structures.

Bond/Bond | Calc5a | 5b | Calc5b 6b Calc6b | Lit Avg
Angle
~ 1.202(3),
C=C | 11958(18) | 1218 | 1193(5) | 1216 | Goeck | 1221 | 1198(12)
] 1.283(2),
C-N | 1274012 | 1285 | 1286@) | 1289 | [Doon | 1290 | 1282(9)
N=C-C=C |14505(12) | 1444 | 1456(3) | 1446 | O 1 g4 | 14401
1.448(3)
1477(3),
C-Co |1527002) | 1538 | 1475() | 1487 | [poov | 1488 | 147903)
1.420(3),
CuN | 14252012) | 1407 | 14250) | 1416 | ook | 1417 | 1434(25)
, 1.850(2),
C-Si s | 189 | 186340
] 119.60(16),
CuN=C | 11953(8) | 12326 | 12000) | 12271 | 1o | 12227 | 1200017)
] 119.72(16),
N=C-Cu | 12119(8) | 11955 | 1208(2) | 11968 | 1, or | 11946 | 11812(148)
e 120.79(17),
N=C-C=C | 12246(8) | 12352 | 1214(2) | 12265 | oo oo | 12250 | 123.86(3.00)
j 119.48(16),
C=C-C-Cu | 116288) | 11689 | 11792) | 11768 | 1\ | 1802 | 117.63(117)
_ 172.1(2),
C-C=C | 17785(13) | 17637 | 1776@) | 17925 | 70 coh | 17,63 | 17576(189)
e 169.59(18),
C=C-Si 171410y | 17638 | 17445(351)
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Figure 3.6 — Literature structures containing the R-N=C-C(R)=C(R) moiety used for comparison to the
crystal structures of 5a,b and 6b, 7b.
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The alkynyl imine 6b (Figure 3.7) crystallized with two geometrically similar but
independent molecules per equivalent position. Both of these molecules show an unusually large
amount of distortion from linearity in the alkynyl portion of the molecule with a C-C=C bond
angle of 172.8(3)° and a C=C-S5i bond angle of 170.46(26)°. The averages in the literature for
similar structures are considerably closer to linear with 175.8(1.8)° and 175(4)°, respectively,
although some individual structures do show the same type of deviation for those bond lengths.
The DFT calculated structure the angles are 177.63° and 176.38°, respectively. The alkynyl
diimines are closer to linearity with C-C=C bond angles of 177.85(13)° and 177.6(2)° for 5a and

5b, respectively.

Figure 3.7 - The ORTEP diagram of alkynyl imine 6b. Hydrogen atoms have been omitted for clarity
(50% probability ellipsoids shown).

The alkynyl diimines 5a,b (Figures 3.8 and 3.9) crystallize with a crystallographic centre
of symmetry. The geometric parameters as outlined above show a great deal of similarity to each
other as well as to the alkynyl imine to a lesser degree. All of these values match reasonably well

with the literature values of similar structures and with the DFT calculated structures.
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Figure 3.8 — ORTEP diagram for alkynyl diimine 5a. Hydrogen atoms omitted for clarity (50%
probability ellipsoids shown). N1 was generated by a centre of symmetry.

Figure 3.9 — ORTEP diagram for alkynyl diimine 5b. Hydrogen atoms omitted for clarity (50%
probability ellipsoids shown). Nif was generated by a centre of symmetry.

For all three structures, the arrangement of the substituents are similar with the plane of the aryl
group on the nitrogen close to perpendicular to the plane of the molecule, with 70.63°, 76.87°, and

87.70° (average) for 5a, 5b, and 6b, respectively. For 6b and 5b the plane of the second aryl

70



substituent, the p-tol, is close to parallel to the plane of the molecule, with angles of 6.99° and

7.90°, respectively.

3.4 NMR results and discussion

Comparison of the 'TH NMR spectrum of the alkynyl diimine 5a, with the literature NMR
spectrum of alkynyl imines 6a and 7a,'® and of the NMR spectra of 5b with 6b and 7b reveals
interesting parallels. The NMR data is given in Tables 3.2 and 3.3.

Table 3.2 — 1TH NMR spectral comparison of 5a and literature analogs 6a and 7a in CDCls.

1H Signal 5a 6al® 7a1
Meta-Ph 7.31-7.25 (m, 2H) 7.32-7.28 (m, 2H) 7.32-7.28 (m, 2H)
Para-Ph 7.08 (t, 1H) 7.11-7.06 (m, 1H) 712 (t, 1H)
Ortho-Ph 6.72 (d, 2H) 6.92 - 6.88 (m, 2H) 6.92 - 6.88 (m, 2H)
Alkyne H 3.14 (s, 1H)
t-Bu 0.991 (s, 12H) 1.31 (s, 12H) 1.33 (s, 9 H)
TMS Me 0.5 (s, 9H)

In general, for both sets of compounds, the silylated and desilylated alkynyl imines have
similar signals in the 'H NMR spectra. Most of the "H NMR signals for the alkynyl diimines are
noticeably shifted upfield from those of their alkynyl imine analogues, in particular the ortho-Ph
and t-Bu for 5a and the ortho-tol for 5b. The origin of the shielding effects on these signals in the
diimines is most likely to be found in mutual anisotropic ring-shielding effects between the
substituents facing each other across the double bonds in 5a,b. This is particularly noticeable in
the anti conformations adopted by both in the crystals (possibly indicative of some preference for

this conformation in which ring shielding effects are maximized). More likely the observed
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shielding is attributable to an average effect from free rotation about the single bonds. Any

correlation of bond rotation that keeps the larger ends of the molecules out of each other’s way

would be expected to enhance ring shielding. Examination of space filling models suggests that

correlation due to interlocking of substituents across the triple bond is strongly indicated.

Table 3.3 — TH NMR spectral comparison of 5b and 6b and 7b in CDCls.

1H Signal 5b 6b 7b
m-tol & dipp: 7.31 - o-tol: 8.11 (d, 2H), o-tol: 8.13 (d, 2H),
Aromatic 7.24 (m, 5H) m-tol: 7.30 (d, 2H), m-tol: 7.30 (d, 2H),
o-tol: 7.07 (d, 2H) dipp: 7.14 - 7.07 (m, 3H) | dipp:7.18 - 7.07 (m, 3H)
Alkyne H 3.22 (s, 1H)
iPr CH 2.71 (sept, 2H) 2.79 (sept, 2H) 2.80 (sept, 2H)
Tol Me 2.40 (s, 1H) 2.44 (s, 1H) 2.44 (s, 1H)
iPr Me 1.11 (d, 6H), 1.15 (d, 6H), 1.17 (d, 6H),
1.03 (d, 6H) 1.13 (d, 6H) 1.13 (d, 6H)
TMS Me -0.02 (s, 9H)

3.5 Electrochemistry results and discussion

Alkynyl diimines 5a and 5b have an extended 7t system which could have interesting

electrochemical properties. The presence of electrochemical activity was therefore studied by

square wave voltammetry and cyclic voltammetry. 5a has two 1 electron irreversible oxidation

processes and one 2 electron irreversible reduction process as shown in Figure 3.10. The peak

current for the oxidation processes were found at +1.76 and +1.96 V with a small offset return

wave at a peak current of -0.20 V. The peak current for the reduction process is at -1.92 V with

no return wave observed.
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Figure 3.10 — CV of 5a in CH2Clz on a GC electrode at 0.7 M ["BusN][PFe], v =0.2 V s referenced to

ferrocene at 0 V.

The alkynyl diimine 5b showed similar activity for the oxidation processes with two 1

electron irreversible processes with two small offset return waves. The reduction side was

different than 5a with an apparent 1 electron process that shows a non-offset return wave. The

peak currents as labeled in the full CV in Figure 3.11 were found to be as follows: Epc1 =1.65 'V,

Ech =1.88 V, Epal =1.36 V, EpaZ =-0.04 V, Epa3 =-1.58 V, and Epc3 =-1.43V. The Ein for the

reduction process was found to be -1.50 V. This process became less reversible with increasing

rate as shown by the Ip/Ipa ratio which decreased from 0.54 at 100 mv/s to 0.44 at 500 mv/s. The

CV of the various rates of the reduction process is shown in Figure 3.12 and the AEp versus scan

rate is shown in Table 3.4. Additionally, a dark red colour was generated at the auxiliary

electrode during the reduction process which may indicate that a radical is produced in the

process.
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Figure 3.11 — CV of 4.65 mM 5b in CH2Cl2 on a GC electrode at 24.5 °C, 0.7 M ["BusN][PF¢], v=0.2 V s
referenced to ferrocene.

a0

40

Current {310'5 A)
5 o

1
oo
=]

400 mvs
420 200 myis

=160

A7 ’ 16 ' A5 ' 14 ' 1.3
Paotential (V)

Figure 3.12 - CV of 4.65 mM 5b in CHzClz on a GC electrode at 24.5 °C, 0.7 M ["BusNI[PFe], at various rates
referenced to ferrocene.
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Table 3.4 — AE; versus the scan rate for the 5b reduction process referenced to ferrocene with
conditions as given above in Figure 3.16.

Scan Rate Epc Epas E12
(mv/s) V) V) V)
100 -1.44 -1.55 -1.50
200 -1.44 -1.56 -1.50
300 -1.43 -1.56 -1.50
400 -1.43 -1.57 -1.50
500 -1.42 -1.58 -1.50
120 /q
|I.
III IIII\.
o
80 ] \
Ferrocene |
|
) ]

40 I N
] ",
.I ““—\_

Current (x1 0F A)

1.2 1.6

0.0 0.4 0.8
Potential (V)

Figure 3.13 — CV of 4.30 mM 6b in CHzCl2 on a GC electrode at 24.5 °C, 0.7 M ["BusNI[PF¢], v=0.2 V s
referenced to ferrocene. No reduction processes were observed, however the light grey line shows an

additional return wave in the negative region after passing through the oxidation process first.

-0.4
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Alkynyl imine 6b was studied for the same electrochemical processes as the alkynyl
diimines for comparison purposes and the CV is shown in Figure 3.13. A 1 electron irreversible
oxidation with peak current at 1.53 V and two small offset return waves at 1.20 and —0.36 V. This
oxidation is similar to those observed in the diimines. The imine did not show any reduction
processes in the available electrochemical window (which was the same size as for the other
compounds).

Comparison of the HOMO'’s and LUMO's of each of the molecules is helpful in
explaining both the similarity and differences seen in the oxidation and reduction processes. The
HOMO's (shown in Appendix A) are all dominated by the aryl substituent on the imino (phenyl
for 5a, Dipp for 5b, 6b, 7b). This seems to stabilize the triple bond, making the molecules difficult
to oxidize. The oxidation is noticeably more difficult for 5a,b than for 6b. The trend from most
difficult to least difficult oxidation, 5a > 5b > 7b > 6b, can be assigned by the calculated energy of
the HOMO for each (-5.94 eV for 5a, -5.79 eV for 5b, -5.64 eV for 7b, and -5.59 eV for 6b). This
trend matches the trend observed experimentally. The HOMO'’s also explain why two oxidation
processes are observed for 5a,b and only one is observed for 6b. Molecules 5a,b have two aryl
imino substituents dominated in the HOMO whereas 6b only has one.

The LUMO is the orbital of interest for the reduction process (also shown in Appendix
A). The LUMO of 5b, shows significant conjugation between tolyl ring, the alkyne, and most
importantly, the imine double bond. The other LUMO's do show conjugation between the
alkyne and the tolyl ring, but not the imine bond. Therefore, the conjugation of the tolyl ring
with the imine and alkyne is likely responsible for the easy and partially reversible reduction for

5b.
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3.6 UV/VIS results and discussion

All of the alkynyl imines and diimines are brightly coloured chromophores and therefore
should have interesting electronic absorption spectra. In order to help explain the results of the
collected spectra, the molecular orbitals and the UV/VIS spectra were also calculated by TD-DFT
in Gaussian 03 of the calculated DFT structures. The results of this are shown in Table 3.5 and
Figures 3.18-3.21.

The UV/VIS spectra of 6b and 7b were well-predicted by TD-DFT calculations as can be
seen in Table 3.5 and Figures 3.14 and 3.15. The UV/VIS spectra of 5a and 5b (particularly 5b)
were poorly described by the same type of calculation (Figures 3.16 and 3.17), likely due to the
increase in size of the system.2! Analysis of the molecular orbitals (MO’s) of the well-described
alkynyl imines, and the less poorly described 5a, revealed a distinct trend in the type of occupied
MOQ'’s that electrons were being excited from. All of the occupied MO's that allowed the
excitation of an electron were bonding MO’s for the alkyne bond and in all but two cases (out of
8), also bonding for the C=N bond. In contrast, the occupied MO’s that were calculated for
poorly described 5b to allow the excitation of an electron were either weakly bonding, non-
bonding, or even anti-bonding for the above bonds. Further analysis of the MO’s of 5b, both the
energies and the type with regards to the alkyne and imine bonds, led to successful assignment of
the experimentally observed absorptions, which are incidentally similar to those observed for the

structurally related 6b and 7b. The occupied MO'’s discussed above are shown in Appendix A.
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Table 3.5 — Experimental (Exp) and calculated (Calc) values for the UV/VIS spectra of the
alkynyl imines and diimines.

Wavelength of Value of e
Sampl Conc? Peaks (nm) Electronic (Lem*mol”)
ample (M) Transition
Exp Calc Exp Calc

HOMO-5 - LUMO
-4
5a 1.011x10 340.9 316.3 HOMO-2 = LUMO 3460 1000

HOMO-1 - LUMO
394.9 HOMO - LUMO 800

HOMO-1 - LUMO
4013 HOMO - LUMO 520

5b 1.211x10° 278.0 279.5% HOMO-6 > LUMO* 28100
299.1 306.7¢ HOMO-4 - LUMO* 24100

381.7 HOMO-3 - LUMO 25

472.4 HOMO-1 - LUMO 10

480.1 HOMO - LUMO 400

HOMO-5 - LUMO
-5
6b 1.378x10 276.0 290.8 HOMO-2 = LUMO 20200 14900

427.1 HOMO - LUMO 500

HOMO-3 - LUMO
5
7b 1.828x10 276.0 286.0 HOMO-4 = LUMO 20700 19800

423.5 HOMO - LUMO 500

* The absorption values and transitions were hand calculated by analysis of the molecular orbitals; they
were not found by the TD-DFT calculation in Gaussian.
t In CH2Cl.
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Figure 3.14 — UV/VIS spectrum of 6b (line) and calculated absorptions (bars) in CH2Cl..
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Figure 3.15 — UV/VIS spectrum of 7b (line) and calculated absorptions (bars) in CH2Cl..
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Figure 3.17 — UV/VIS spectrum for 5b in CH2Cl2. The calculated absorptions had too small of intensity to
indicate on the above spectrum. The values are given in Table 3.5.
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3.7 Conclusions

The iminophosphenate route to PacNac, which required the synthesis of particular imino
alkynes which have not been previously published, led to the synthesis of the new class of
molecules: diimino alkynes 5a,b via the first attempted route to the desired imino alkynes 6b and
7b which were later successfully prepared by another route. The X-ray crystal structures for 5a,b
and 6b were also successfully solved for and then compared to the few other reported literature
structures containing the R-N=C-C(R)=C(R) moiety. The structural parameters (bond lengths
and angles) of 5a,b and 6b were similar to the already reported literature structures.

The electrochemical properties of the extended 7 systems of 5a,b and 6b were also
probed via cyclic voltammetry. The molecules had similar oxidation processes, with the diimines
each having what looks to be two 1 electron processes, while the imine has only one 1 electron
process for the oxidation. Significant differences were seen in the CV’s for all three molecules on
the reduction side. Compound 6b showed no facile reduction, 5b showed a facile reduction with
partial reversibility, while 5a had a measurable reduction but was much more difficult to reduce
than 5b. This was explained by the similarities between the HOMO's (for the oxidation
processes) and the differences between the LUMO'’s (for the reduction processes).

The UV/Vis spectra for 5a,b, 6b, and 7b were all collected as well, because as brightly
coloured chromophores they were expected to have interesting electronic absorption spectra.
Then, because none of the alkynyl imines in the literature have had UV/Vis data reported, for
comparison purposes, the TD-DFT calculation of the UV/Vis spectrum for each molecule was
performed. The alkynyl imines 6b and 7b were well predicted by the TD-DFT method. The
alkynyl diimine, 5a, was less well predicted, while 5b was predicted poorly. The experimental
spectrum of 5b was assigned by studying the calculated orbital energy differences for a variety of

possible transitions. The orbitals for the transitions found to best match the experimental
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absorptions for 5b look similar to the orbitals predicted to be involved in the transitions for well-

predicted 6b and 7b.
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Chapter 4

Future Work

4.1 Introduction

For this project, the primary focus for the future lies in the successful preparation of the
PacNac molecule. In the progress of this work, a few of numerous possibilities to this end were
eliminated, leaving yet many more to be attempted until success is finally reached. For the
phosphaalkene route this involves much more of a change in focus, whereas for the
iminophosphenato route it primarily involves adjusting the reaction conditions and possibly the
substituents on the reactants in order to get the desired reaction. For the alkynyl imines and
diimines many interesting possibilities exist beyond the PacNac research — particularly in the area
of transition metal complexes — an area that has not been studied for the already known class of

alkynyl imines, let alone the novel diimines.

4.2 Phosphaalkene Route

As stated in Chapter 1, ketoimines rarely have the same reactivity as other ketones. This
means that it is possible but unlikely that the routes developed for the synthesis of
phosphaalkenes from various phosphine reagents and ketones as outlined in Chapter 1 would
result in formation of the PacNac molecule in reactions with the ketoimine molecule. Therefore,
it would be worthwhile moving forward to other more likely possibilities from other starting

points.
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The first of these is based on the 1,2-elimination type reaction shown in Chapter 1 as
synthetic method type A. This method made its first appearance in 1978 in the synthesis of a

mesityl and other aryl substituted phosphaalkenes (Scheme 4.1).!

R DBU Ph
T “p—CH(Ph) R pa/
R—PCl, + LICHPh), — > / 2
cl HCI Ph

R = Mes, 0-MePh, 2,6 - diMePh, Ph
Scheme 4.1 — The first reported 1,2-elimination reaction for the synthesis of phosphaalkenes.
It has since been used in the synthesis of a variety of other phosphaalkenes,? including the less
stable alkyl substituted variety.? The dichlorophosphines are well known compounds which
makes this an attractive route so long as a suitable lithium precursor with the remainder of the

structure required to get the PacNac molecule can be made and used for the purpose (Figure 4.1).

Li
le
Rlll RII

Figure 4.1 — Required structure of lithium compound to react with dichlorophosphine in the first step of
the 1,2-elimination reaction to PacNac.

Suitable halogenated species to make this lithium precursor do exist in the literature and are
available via well-developed syntheses. For instance, 4-chloropentan-2-one* or 4-chloro-3-
methyl-1-phenylpentan-2-one,® which are both made via acylation of an olefin via a Lewis-acid
catalyst. These could then be reacted with the appropriate aniline (either mesityl or dipp) in the
presence of catalyst to get the amine version of the above molecules. From here, reaction with
BuLi would presumably give the desired lithium reagent to react with the dichlorophosphine in

hopes of making the final PacNac molecule.

86



The only other common method of phosphaalkene synthesis that doesn’t involve a
ketone precursor is double-bond migration, type E shown in Chapter 1. As this is a single
molecule reaction to form the phosphaalkene double bond from the respective phosphine, this
reaction is of little use here because had that type of compound (similar to the iminophosphenate
compound) would already form the PacNac ligand upon addition to metals.

Another possibility involves either forming an alternate backbone which involves
forming the nitrogen side and phosphaalkene side separately and then joining them together. In
this case a second closer nitrogen will be present in the final molecule in hopes that it will lend
stabilization to the phosphaalkene bond.

The potential nitrogen and phosphorus precursors are pictured in the proposed reaction
scheme to form a PacNac-type molecule that contains nitrogen in the backbone portion of the

molecule (Scheme 4.2).

R\ _NH, cl
YooY

N P\
o’

N P

A

Scheme 4.2 — Proposed reaction for an alternate PacNac molecule which may have greater stabilization of
the phosphaalkene portion.

/

Rl "
R_ H _R
R R’

N

In the literature, the above nitrogen precursor exists as the tautomer where each of the nitrogen

has a hydrogen on it and the double bond is therefore on the nitrogen without the R substituent

R'YN H
NH

o

(Figure 4.2).6

Figure 4.2 — The tautomer of the nitrogen precursor in Scheme 4.2 that has been reported in the literature.



The phosphorus precursor has been reported for the supermesityl version.” This phosphine
could be first tried while attempting to make the equivalent dipp version, which may or may not
be possible (given past lab experience with following supermesityl work to make the dipp
versions) and likely would require some adjustment in the reaction conditions.

The final proposal came through reading background information on ketoimines during
the preparation of this thesis. Preliminary reactions were done to test the possibility. The
gold(IlI) catalyst, NaAuCls, was shown to be effective in the catalysis of the condensation reaction
of amines as well as other nucleophiles, such as HP(Ph)z, with 1,3-diketones.® The condensation
reaction of supermestiylphosphine with 1b as well as with acetylacetone were attempted, but no
reaction of the phosphine was shown in the respective NMR spectra. The reaction in the
literature was successful with HP(Ph)z, a disubstituted phosphine, with 1,3-cyclohexanone. In
fact, all the additions attempted with nucleophiles other than amines were with cyclic 1,3-
diketones. Therefore, it would be worthwhile to attempt this reaction with a couple of alternative
starting points.

One alternative would be to start with a 1,3-diketone that has one of the ketones on a
cyclic portion and the other on a chain, such as 2-acetylcyclohexanone which is available to
purchase from Sigma-Aldrich. Both R:PH and RPH: could be reacted with this to see if the
reaction would proceed with the cyclic ketone better than with the acyclic. As well, R2PH could
be reacted with acetylacetone to see if it the form of the phosphine that makes the difference in
the reactivity. The original reactions were done with supermesitylphosphine, which in retrospect
was not the best choice (chosen because it was available in the lab and dipp and mesityl were
not) because supermesitylaniline is not reactive toward the condensation reaction with ketones,

which means that it is likely that supermesityl as a substituent may have prevented the reaction
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from going forward. Therefore, dipp and mesityl phosphine should likely be reacted with

acetylacetone and one of 1a-d to test if this is in fact the case.

4.3 Iminophosphenato Route

The iminophosphenato route was based on the literature synthesis of the first
ketophosphenate as outlined in Chapter 1. The 1,2-addition reaction of a silyl phosphine to an
alkyne had been previously reported according to the above paper; however, it was incorrectly
cited and the correct citation has not been located. In the literature found on addition reactions of
the silyl phosphine to unsaturated bonds (in particular for ketones and aldehydes that also
contain an alkene bond,® but also for compounds containing imine bonds'?) the silyl group
actually adds onto the oxygen or nitrogen and the phosphine at either the 2 or 4 position.
However, the 1,2-addition of the P-H bond of phosphine has been reported on much more and is
a well-developed method of synthesis.

The reaction of the alkynyl imines that were made with dippPTMS(H) were attempted
using both the same and slightly more harsh conditions (refluxing in toluene versus heating to
40°C). Either no reaction occurred with the phosphine, or the 3P NMR spectra showed that it
was unlikely to be the desired product when reaction did occur (the desired product would be
expected to have a 3'P NMR signal in the same area as the ketophosphenate). The difference in
reactivity could be attributed to a few differences between the reactants used in this case and in
the successful reported reaction. For one thing, the electronics of the alkynyl imine would
certainly be different than the 3-butyn-2-one, with the nitrogen atom having less electronegativity
than the oxygen. However, with the aryl groups likely to attract electron density away from the
alkyne, this was not expected to be a significant problem. As well, with two aryl substituents on
the alkynyl imine, including the bulky dipp group, much increased steric congestion could

possibly hinder the desired reaction. As well, the substituent on the silylphosphine in the case of
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the reported reaction had silyl groups off of the benzene ring instead of alkyl groups which could
also have an electronic effect on the reactivity.

Some simple changes might be all that is necessary to overcome the reduced reactivity in
the case of the alkynyl imine and silylphosphine 1,2-addition reaction. For instance, the high
pressure conditions of a heated Parr device or a “hydraulic high pressure reactor” might be all
that is needed to get the existing reactants to react in the desired fashion (the added energy may
overcome an unfavorable activation energy). Other obvious areas to try are less bulky alkynyl
imines or silylphosphines if steric congestion is the primary hindrance to reaction. Beyond that,
hydrophosphination (addition of P-H across an unsaturated bond) would be the next logical area
to look at for the addition reaction.

As mentioned earlier, the hydrophosphination reaction has an extensive literature from
which to design a possible reaction which would give the iminophosphenate. Except in cases of
unsaturated bonds which are sufficiently activated by electron withdrawing groups in close
proximity,' hydrophosphination reactions require radical initiation'? or the use of a catalyst —
acid, base, or transition metal based.'5172123 The catalysts activate the P-H bond toward addition
across a double or triple bond. The acid catalyst plays on the relative basicity of phosphines. In
many cases, however, near molar equivalents of acid are required instead of catalytic amounts,
although examples of the use of catalytic amounts do exist."! The strong base catalyst is used to
remove the proton from the phosphine, in the same way that is used in the Michael reaction in
organic chemistry.’® Some of the transition metal catalysts are shown to work similarly with the
anionic phosphine complexing with the transition metal in the progress of the reaction.'

One of the base catalyzed reactions between primary phosphine was attempted
(considerable amounts of the literature focuses on the addition of secondary phosphines) and 7b.

The formation of different phosphorus containing species was observed in the 3P NMR
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spectrum; however, the signals again were not in the (or even close to) the expected region. After
quenching with ammonium chloride, the 3P NMR spectrum did not change, but the 'H was an
exact match for 7b except for the lack of the alkyne 'H NMR signal (recall from the previous
chapter the dimer 5b has a discernibly different 'H spectrum from 7b), and no signals of the dipp
group on phosphorus were present either.

The reaction conditions followed those in a literature reaction of primary phosphines and
cyanoacetylenes.’ In this paper, the reaction was demonstrated to proceed through the intensely
red radical anion of phenylcyanoacetylene, generated by the phosphide-anion which was
generated by the base. No such change in colour was observed for the reaction attempted here
with dipp-phosphine and imine 7b. Cyanoacetylenes would have a more activated triple bond
toward the addition than the imines 6b or 7b that I tried the addition to; the cyano group is
known as an excellent substrate for activating an unsaturated bond towards Michael addition in
organic chemistry.!®

Although many papers have been published on hydrophosphination reactions, enough
that a few review articles have been published on various aspects of the subject,’” many of the
reported reactions only work with a select few alkynes or types of phosphine, most of the
reported reactions make use of Ph2PH as the secondary phosphorus choice. This means that
many possible choices of reaction conditions are available for attempting the synthesis of our
desired iminophosphenato ligand. The first reaction conditions to try are those with readily
available, relatively inexpensive reagents with generally more gentle conditions.

The first of these are the commonly used super-base systems of KOH-DMSO or
potassium t-butoxide (tBuOK)-DMSO. The KOH-DMSO has been used in particular with

terminal aryl alkynes and a couple of primary phosphines.’® As with most hydrophosphination
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reactions done with primary phosphines, this reaction adds over two alkynes for the final result

as shown in Figure 4.3.

ST

Ph P

Figure 4.3 — Final result of a primary phosphine hydrophosphination reaction with alkynes catalyzed
by a super basic system.

The bulkiness of 7b should prevent the second addition from occurring. This is a
important consideration for all of the hydrophosphination reactions presented here. The tBuOK-
DMSO system has been used in the hydrophosphination of alkenes by secondary phosphines
including a variety of terminal alkenes, for example, heterocycle A8 (Figure 4.4).1° Although this
would still likely have greater electron withdrawing than 7b, it is possibly closer to the same
properties as 7b than is cyanoacetylene. Other bases such as Ph-Li, which has been used
successfully with terminal alkynes,'”c and LiNH: in NHs() 17 are also possible systems to use to
base catalyze the hydrophosphination reaction. Directly reacting the lithiated phosphine with

terminal alkynes have also been successful in the desired addition.!7

A8

Figure 4.4 — One heterocycle that has undergone successful hydrophosphination of the terminal alkene
using the super base system of tBuOK-DMSO.

Next, a variety of Pd and Ni catalysts have been shown to be successful in
hydrophosphination for a variety of systems, but without any general rule for which catalyst will
work with any given pair of alkyne and secondary phosphine. These catalysts include Pd and Ni
complexes such as (Pd(PPhs)s), Pd(dba): [dba = dibenzylideneacetone], Pd(OAc)z, Ni[P(OEt)s]4,

Ni(acac)z, and NiBr2."72 One paper concluded that the nickel complexes are the more effective
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catalysts for this type of reaction.’”® Of the above, (Pd(PPhs)s), Pd(dba)z, NiBrz, and Ni(acac): are
available commercially for a reasonable price.

A recently published paper which used fluoride to mediate the hydrophosphination
reaction worked with a variety of alkyne substrates.?> TBAF (tetra-n-butylammonium fluoride) in
DMF or DMSO worked well in short periods of time (15-20 min) at room temperature, to add the
secondary silyl phosphine, Ph2PSiRs, to alkenes and alkynes. The fluoride removes the silyl
group from the phosphine, therefore the end result is the addition of P-H over the unsaturated
bond. The limiting factor here is that the alkene/alkyne used must have either an aryl group or
other electron withdrawing group in order for the reaction to proceed. This did, however, work
with both terminal alkynes and internal alkynes. The fluoride reagent is available from Sigma-
Aldrich and is relatively inexpensive (for example 100 mL of 1M THF solution is approximately
$67).

The gold catalyst mentioned in section 4.2 was shown to also activate triple bonds
towards nucleophilic addition of oxygen and nitrogen groups to alkynes. This catalyst could also
then be tried for such activation to allow the nucleophilic addition of the P-H group as well,
recalling that it does catalyze the condensation reaction of oxygen, nitrogen, sulfur and
phosphorus nucleophiles with 1,3-dicarbonyl substrates. Therefore, it would be worth an
attempt to see if the reaction conditions can be expanded in this way.

A cobalt (II) catalyst, along with BuLi,was also used generally with a variety of alkynes
for hydrophosphination reactions.?! This catalyst system gives mostly the desired linear addition
and it works with terminal alkynes. The cobalt (II) acetylacetonate catalyst is quite inexpensive
($75 for 50 g) and the reaction conditions involve simply refluxing the reagents in dioxane.

A more expensive catalyst also commercially available, [Rh(cod)Cl]2, that was

complexed with the first ketophosphenate,?? has been shown to work with the addition of

93



phosphorus from silylphosphines with a similar result to the fluoride mediated reaction
mentioned above.? The rhodium catalyst along with the additive silver triflate was used to add
P-H over a number of alkynes including terminal alkynes with reasonably high yields (53-89%).
The reaction is performed in refluxing benzene and the colour change from red to yellow
indicates the completion of the reaction.

Less desirable reactions to try would be the commonly used radical initiator AIBN, 2174
which is a more toxic chemical, or non-commercially available catalysts which would have to be
made in the lab before use. One of these catalysts of interest would be A9 (Figure 4.5),2* which
has been used for silylphosphination reactions, the addition of a P-Si bond over unsaturated
bonds. This would not likely work with 7b because it does not tend to work well with terminal
alkynes; however, 6b could be tried with this rare earth catalyst if the synthesis of the catalyst is

in fact viable.

Ph
AN
N

“Yb(hmpa),
Ph

Ph

A9

Figure 4.5 — A catalyst of interest which has been used successfully for silylphosphination reactions.

4.4 Transition Metal Complexes of Alkynyl Imines and Diimines

Mo(CO)s when reacted with six-membered aromatic ring containing species, tends to
form n-6 Mo(CO)s complexes. Molybdenum, along with chromium and tungsten, also complex
with alkyne complexes to the triple bond of the alkyne.??¢ Alkynyl imines and diimines have not
been used as ligands to these metals, although complexation of an alkynyl imine to the above
metals has been used in the transformation of the alkynyl imine to other species.?® The alkynyl

imines and diimines presented in this work could complex by either the aromatic substituents or
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the triple bond or both. This is therefore a simple, though interesting direction of research into
the novel alkynyl diimines and the novel alkynyl imines in comparison with one another and the
many complexes that have been made of this general type. This also links into the work

previously done on bulky N,N’-disubstituted amidines by the Boeré Research Group.
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Chapter 5

Experimental Details

5.1 General

All experimental procedures were performed under a nitrogen atmosphere using modified
Schlenk techniques, unless otherwise noted. 2,6-Diisopropylaniline (Aldrich), 2,4,6-
trimethylaniline (Aldrich), 2,4-pentanedione (Sigma-Aldrich), 3-methyl-2,4-pentanedione
(Aldrich), indium tribromide (Aldrich), 1.6 M n-butyl lithium in hexanes (Aldrich), lithium
acetylide ethylenediamine complex (Aldrich), sodium acetylide (Aldrich),
bis(trimethylsilyl)acetylene (Aldrich), aluminum chloride (Merck), and benzene-ds (CDN isotopes
0.8 mL ampules) were used as received. Imidoyl chlorides, N-phenyl-t-butylimidoyl chloride
and N-dipp-p-tolylimidoyl chloride, were previously prepared via the respective literature
routes.! Solvents were reagent grade, or better, and were used as received (methanol, hexanes,
pentane, chloroform), distilled from sodium/benzophenone (tetrahydrofuran), or obtained from
an MBraun Solvent Purification System (heptane, toluene, benzene, methylene chloride).
Infrared spectra were recorded on a Bruker Alpha-P spectrometer as neat samples. 'H, 13C, 3P,
and 7Li NMR spectra were recorded on a Bruker Avance300 spectrometer operating at 300.1300,
75.4677,121.4949, and 116.6419 MHz, respectively. HSQC and HMBC experiments were used to
assist with assigning the *C NMR signals for most samples. 'H NMR are referenced to
tetramethylsilane (TMS), 3C NMR are referenced to CDCls or CsDs, 3P NMR are referenced to an
external HsPOs sample, and 7Li NMR are referenced to an external 9.7 m LiCl in D20 sample. X-
ray crystal data were collected on a Bruker Smart Apex II, with solution and refinement using the
Shelxtl 6.14 package of software. Estimated standard deviations for averaged bond lengths and

angles are reported as the standard deviation of the values used to calculate the averages. The
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finalized *.cif files are located on the CD-ROM included with this thesis. Mass spectra were
obtained using a Varian 4000 GC/MS/MS. Elemental analyses were obtained using an Elementar
Vario Micro Cube. Optimization and frequency calculations for all of the molecules were done
using the Hybrid Density Functional Method B3LYP with the 6-31G(d) basis set using Gaussian
03 and Gaussview 4.1.2 for Windows. Most of the lithium complexes required the use of the max
step command to converge for the optimization because of large flat wells. For some of the
lithium complexes, small imaginary frequencies were obtained for methyl rotation (in most cases)
and in a couple of cases for small wagging movement of a THF ligand. For the alkynyl imines
and diimines, TD-DFT (at the same level of theory) calculations were used to calculate the UV/Vis
spectra and molecular orbital calculations were also performed. Cyclic voltammograms (CVs)
were obtained at 24°C in CH2Cl: (purified by distillation from CaHz) solutions containing 0.7 M
electrochemical grade ["BusN][PFs] (Fluka) as the supporting electrolyte. These solutions were
purged with dry nitrogen for 10 min directly before use, and were kept under a blanket of
nitrogen during all experiments. The CVs were performed with a Princeton Applied Research
PARSTAT 2273 potentiostat. The voltammetry cell design has been described previously.? The

CVs were obtained over scan rates of 0.05-20 V s1. The potentials for the analyte signals are
reported vs. the operative formal potential, £ 20/ ./o, for the Fc*/Fc redox couple (Fc = ferrocene),

which was used as an internal standard. The Ferrocene was sublimed prior to use. The working
electrode was polished with an Al2Os (Buehler, 0.05 pm) slurry on a clean polishing cloth, rinsed

with distilled water, and dried with tissue paper prior to use.
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5.2 Synthesis of Ketoimines 1a-d

H R
., -
0] N
a:R=Dipp,R'=H
b:R=Mes,R'=H
= ¢ :R=Dipp, R'= Me
d: R =Mes, R'=Me
Rl
la-d

General procedure using 1c as an example: In a round bottom flask combined 5.00 g (43.5 mmol)
of 3-methyl-2,4-pentandione, 8.85 g (43.5 mmol) dippaniline, and 0.154 g (0.435 mmol) of InBrs
were combined and allowed to stir overnight. The cloudy solution was then diluted with 60 mL
of distilled water, extracted 3 times with 25 mL of ethyl acetate, the organic layers combined and
then dried with magnesium sulfate. The solvent was removed under reduced pressure to give a
colourless solid in an orange liquid. The solid was filtered off and recrystallized in hexanes
giving 2.063 g (17.3% yield, mp: 122-129 °C) of very pale yellow plates.

Anal. Calc. for C1sHNO: C, 78.72; H, 9.71; N, 5.40. Found: C, 78.45; H, 9.55; N, 5.11.

TH NMR (CDCls, 25°C): 6 13.18 (br s, 1 H; NH), 7.28 (triplet, | 7.44, 1 H; para CH on Dipp ring),
7.17 (d, ] 7.44, 2H; meta CH on Dipp ring), 3.01 (sept, ] 6.87, 2 H, ; CH of isopropyl group), 2.24 (s,
3 H; Me on C=0), 1.92 (s, 3 H; central Me), 1.70 (s, 3 H; Me on CNDipp side), 1.18 (d, ] 6.87, 6 H;
isopropyl Me), 1.14 (d, ] 6.87, 6H; isopropyl Me).

13C NMR (CDCls, 25°C): 0 196.02 (C=0), 161.83 (C-N), 146.46 (Cortho), 134.59 (Cipso), 127.96 (Cpara),
123.62 (Crmeta), 98.79 (DippNHC(CHs)C(CHs)C(O)CHs), 28.69 (Me on CO side), 28.62 (CH of
isopropyl group), 24.65 (Me on isopropyl group), 22.91 (Me on isopropyl group), 16.72 (Me on
CNDipp side), 14.98 (DippNHC(CHs)C(CHs)C(O)CHs).

MS: m/z 273 (M*, 18%), 202 (DippNCCHs*, 100%), 187 (DippNC*, 24%), 160 (Dipp —H*, 20%).
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IR(neat) cm™: 2960 (s), 2924 (m), 2867 (m), 1598 (vs), 1555 (vs), 1464 (s), 1422 (s), 1384 (s), 1352 (vs),
1262 (vs), 1235 (s), 1169 (s), 1099 (m), 1053 (m), 966 (vs), 814 (vs), 776 (vs), 709 (s), 590 (m), 445 (m),
414 (m).

For the purpose of potential comparison to 2c and 4c, NMR experiments were also done in CeDe:
TH NMR (CsDs, 25°C): 6 13.86 (br s, 1 H; NH), 7.16 (triplet, | 7.65, 1 H; para CH on Dipp ring), 7.05
(d, ] 7.50, 2H; meta CH on Dipp ring), 3.13 (sept, ] 6.82, 2 H; CH of isopropyl group), 2.15 (s, 3 H;
Me on C=0), 1.74 (s, 3 H; central Me), 1.51 (s, 3 H; Me on CNDipp side), 1.09 (d, ] 6.90, 6 H;
isopropyl Me), 1.05 (d, ] 6.90, 6H; isopropyl Me).

13C NMR (CsDg¢, 25°C): 8 196.26 (C=0), 160.87 (C-N), 147.00 (Cortho), 135.55 (Cipso), 128.47 (Cpara),
124.14 (Cmeta), 99.24 (DippNHC(CHs)C(CHs)C(O)CHs), 29.22 (CH of isopropyl group), 28.79 (Me
on CO side), 24.86 (Me on isopropyl group), 23.10 (Me on isopropyl group), 16.55 (Me on

CNDipp side), 15.16 (DippNHC(CH3)C(CH3)C(O)CHs).

For 1a: Following the general procedure above: from 10.52 g (105.1 mmol) of 2,4-pentanedione,
18.00 g (101.5 mmol) of dippaniline, 0.38 g (1.1 mmol) of InBrs; diluted with 250 mL of distilled
water, and extracted with 4 x 100 mL of ethyl acetate; removal of the solvent gave a bright yellow
oil which was run through a column starting with 1:1 CHCl3:CH2Cl> until the first band of yellow
came through (which was unreacted dippaniline) and then 12% ethyl acetate in petroleum ether
to give 6.634 g (52.2% yield) of light yellow solid. The characterization data was consistent with
that in the literature.? For the purpose of potential comparison to 2a and 4a, NMR data was also
done in CsDs: 'H NMR (CeDs, 25°C): 0 12.70 (br s, 1 H; NH), 7.14 (triplet, | 7.80, 1 H; para CH on
Dipp ring), 7.02 (d, ] 7.50, 2H; meta CH on Dipp ring), 5.14 (s, 1H; CH on backbone), 3.10 (sept, |
6.90, 2 H; CH of isopropyl group), 2.06 (s, 3 H; Me on C=0), 1.41 (s, 3 H; Me on CNDipp side),

1.08 (d, ] 6.90, 6 H; isopropyl Me), 1.02 (d, ] 6.90, 6H; isopropyl Me).
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13C NMR (CsDs, 25°C): © 195.42 (C=0), 162.16 (C-N), 146.35 (Cortho), 133.99 (Cipso), 128.26 (Cpara),
123.54 (Cmeta), 95.69 (DippNHC(CHs)CHC(O)CHs), 28.77 (Me on CO side), 28.56 (CH of isopropyl
group), 24.29 (Me on isopropyl group), 22.36 (Me on isopropyl group), 18.61 (Me on CNDipp

side).

For 1b: Following the general procedure above: from 9.11 g (91.0 mmol) of 2,4-pentanedione,
12.31 g (91.1 mmol) of mesityl-aniline, and 0.33 g (0.94 mmol) of InBrs; diluted with 125 mL of
distilled water and extracted with 4 x 50 mL of ethyl acetate; removal of solvent gave 17.90 g (90.5
% yield) of an orange crystalline solid of which the characterization data was consistent with the
literature.? For the purpose of potential comparison to 2b and 4b, NMR data was also collected in
CsDs: TH NMR (CeéDs, 25°C): 0 12.33 (br s, 1H; NH), 6.63 (s, 2H; CH on Mes ring), 5.10 (s, 1H; CH
on backbone), 2.08 (s, 3H; CHs on C=0), 2.07 (s, 3H; para-CHs), 1.97 (s, 6H; ortho-CHs), 1.33 (s,
3H; CHs on CNH(Mes)).

13C NMR (CsDg¢, 25°C): 6 195.85 (C=0), 162.44 (CNH(Mes)), 137.08 (Cpara), 136.30 (Cortno), 134.93
(Cipso), 129.46 (Cmeta), 96.35 (MesNHC(CHs)CHC(O)CHs), 29.45 (CHs on C=0), 21.25 (CHs on

CNH(Mes)), 18.91 (para CHs), 18.44 (ortho CHs).

For 1d: Following the general procedure above: from 5.00 g (43.5 mmol) of 3-methyl-2,4-
pentanedione, 5.88 g (43.5 mmol) of mesityl-aniline, and 0.154 g (0.4344 mmol) of InBrs3; removal
of the solvent gave an orange liquid which after sitting for 2 days, had solid crystallizing out.

The solid was filtered off and recrystallized from hexanes to give 3.619 g (36.0% yield, mp: 64 — 68
°C) of faintly orange plates.

Anal. Calc. for CisH21NO: C, 77.37; H, 8.81; N, 6.44. Found: C, 77.71; H, 8.80; N, 6.08.
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TH NMR (CDCls, 25°C): © 12.99 (br s, 1H; NH), 6.89 (s, 2H; CH on Mes ring), 2.28 (s, 3H; para-
CHs), 2.22 (s, 3H; CHs on C=0), 2.13 (s, 6H; ortho-CHs), 1.91 (s, 3H;
MesNHC(CH3)C(CHs)C(O)CHa), 1.70 (s, 3H; CHs on CNH(Mes)).

1BC NMR (CDCls, 25°C): 0 195.91 (C=0), 161.60 (CNH(Mes)), 136.57 (Cpara), 135.80 (Cortno), 134.91
(Cipso), 128.92 (Crmeta), 98.85 (MesNHC(CHs)C(CHs)C(O)CHs), 28.60 (CHs on C=0), 21.02 (para
CHs), 18.40 (ortho CHs), 16.03 (CHs on NH(Mes)), 14.92 (MesNHC(CHs)C(CHs)C(O)CHs).

MS: m/z 232 (MH+, 100%), 231 (M+, 30%), 160 (MesNCCHs"*, 10%).

IR(neat) cm™: 2947 (w), 2914 (w), 2859 (w), 1595 (s), 1538 (vs), 1487 (s), 1435 (m), 1417 (m), 1387
(m), 1367 (m), 1350 (m), 1263 (vs), 1198 (s), 1147 (w), 967 (vs), 884 (m), 857 (s), 814 (m), 760 (m),
696 (m), 588 (m), 532 (w), 482 (m).

For the purpose of potential comparison to 4d, the NMR data was also collected in CsDe: "H
NMR (CeDs, 25°C): 8 13.49 (br s, 1H; NH), 6.69 (s, 2H; CH on Mes ring), 2.11 (s, 3H; para-CHs3),
2.15 (s, 3H; CHs on C=0), 2.01 (s, 6H; ortho-CHs), 1.73 (s, 3H; MesNHC(CH3)C(CHs)C(O)CHas),
1.46 (s, 3H; CHs on CNH(Mes)).

13C NMR (CsDs, 25°C): 0 196.02 (C=0), 160.55 (CNH(Mes)), 136.59 (Cpara), 136.23 (Cortho), 135.84
(Cipso), 129.49 (Crmeta), 99.30 (MesNHC(CHs)C(CHs)C(O)CHs), 28.81 (CHs on C=0), 21.29 (para

CHb), 18.64 (ortho CHs), 15.20 (CHs on CNH(Mes)), 15.89 (MesNHC(CH3)C(CHs)C(O)CHs).
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5.3 Synthesis of Lithium Complexes of Ketoimines in THF 2a-c, 4d

:R=Dipp,R'=
:R=Mes,R'=H
:R =Dipp, R'= Me
:R=Mes, R'= Me

oo o'e

2a-c 4d

General procedure using 2a as an example: In a Schlenk tube 8 mL of dry THF and 1.006 g (3.878
mmol) of 1a were combined while cooling in an ice/salt bath. To this, 2.5 mL (4.000 mmol) of 1.6
M Buli in hexanes was added via syringe. The solution was stirred with cooling for a half hour
and then allowed to warm up to room temperature and stir overnight. The THF was removed
under vacuum until solid started to come out of solution and then the flask was heated to
redissolve the solid, and placed in the freezer which resulted in 0.322 g (24.6% yield, mp: 229-
230°C, decomposed 270°C) of colourless plates suitable for an X-ray crystallographic study.
Anal. Calc. for Ce2HesN204Liz2: C, 74.75; H, 9.56; N, 4.15. Found: C, 73.94; H, 8.92; N, 4.85.

"H NMR (1:1 THF:CsDe, 25°C, 1:30 ligand:THEF):  7.11 (d, ] 7.25, 2H, meta CH on Dipp ring), 7.02
(t, ] 7.25, 1H, para CH on Dipp ring), 4.82 (s, 1 H; CH on backbone), 3.59 (m, 122 H; THF), 3.16
(septet, ] 6.82, 2 H; isopropyl CH), 1.66 (s, 3 H; Me on C=0), 1.61 (m, 122 H; THF),1.55 (s, 3 H; Me
on CNDipp side), 1.19 (d, ] 6.82, 6 H; isopropyl CHs), 1.14 ppm (d, | 6.82, 6 H; isopropyl CHz).

13C NMR (1:1 THF:CeDs, 25°C, 1:30 ligand:THF): d 178.48 (C-0O), 168.22 (CN), 148.84 (Cipso), 140.32

(Cortho), 123.72 (Cpara), 123.52 (Cimeta), 96.51 (CH on backbone), 28.60 (Me on CO side), 28.17 (CH on
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isopropyl groups), 24.64 (Me on isopropyl group), 24.56 (Me on isopropyl group), 23.09 (Me on
CN side).

’Li NMR (1:1 THF:CeéDe, 25°C): 8 -2.14 ppm (line width at 42 height =3.96 Hz) .

For 2b: Following the general procedure above: In 9 mL of THF, from 1.005 g (4.624 mmol) of 1b
and 3.0 mL (4.800 mmol) of 1.6 M BuLi in hexanes; 0.440 g (31.2% yield, mp: 272-274°C (dec)) of
colourless blocks.

TH NMR (CsDs, 25°C): d 6.84 (s, 2H, aromatic tol), 5.02 (s, CH on backbone), 3.57 (m, 5H, THF),
2.20 (s, 3H, para Me on tol), 2.11 (s, 6H, ortho Me on tol), 1.52(s, 3H, Me on backbone), 1.49 (s, 3H,
Me on backbone), 1.41 (m, 5H, THF).

13C NMR (1:1 THF:CeDs, 25°C, 1:20 ligand:THF): 6 176.13 (C-0O), 169.03 (C=N), 147.32 (Cipso),
132.32 (Cpara), 129.42 (Cortho), 129.12 (Cmeta), 99.06 (CH on bb), 28.11 (CHs-CO), 21.82 (para-CHs),
21.12 (CHs-CN), 18.32 (ortho-CHs).

’Li NMR (CsDs, 25°C): 0 2.76 ppm (line width at %2 height = 5.60 Hz).

For 2c: Following the general procedure above: In 10 mL of THF, from 0.930 g (3.401 mmol) and
2.2 mL (3.520 mmol) of 1.6 M BuLi in hexanes; 0.3332 g (13.9% yield, mp: 139-145°C, dec. at
196°C) of colourless blocks.

TH NMR (1:1 THF:CsDe, 25°C, 1:26 ligand:THF): 8 7.10 (d, | 7.49, 2H, meta CH on Dipp ring), 7.00
(t, ] 7.49, 1H, para CH on Dipp ring), 3.59 (m, 106 H; THF), 3.11 (sept, | 6.86, 2 H; isopropyl CH),
1.85 (s, 3 H; central Me), 1.74 (s, 3 H; Me on C=0), 1.68 (s, 3 H; Me on CNDipp side), 1.63 (m, 106
H; THF), 1.16 (d, ] 6.86, 6 H; isopropyl CHs), 1.10 ppm (d, | 6.86, 6 H; isopropyl CHs).

3C NMR (1:1 THF:CeDs, 25C, 1:26 ligand:THF):  175.21 (C=0), 169.21 (CN), 149.42(Cipso), 140.10

(Cortho), 123.59 (Crmeta), 123.43 (Cpara), 98.02 (DippNC(CH3)C(CH3)C(O)CHs), 68.13 (THF), 28.21 (CH
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on isopropyl groups), 27.97 (Me on CO side), 26.24 (THF), 24.56 (Me on isopropyl group), 24.33
(Me on isopropyl group), 21.73 (Me on CN side), 17.85 (DippNC(CHs)C(CHs)C(O)CHs).

’Li NMR (1:1 THF:CeDs¢, 25°C): 8 1.33 ppm (line width at 2 height = 6.38 Hz).

For 4d: Following the general procedure above: In 10 mL of THF, from 0.706 g (3.052 mmol) of 1d
and 2.0 mL (3.200 mmol) of 1.6 M BulLi in hexanes; all of the THF was removed by vacuum, 4 mL
of heptane was added to the solid along with 0.7 mL of dry THF and then the flask was heated to
dissolve the solid and placed in the freezer resulting in yellow crystals (mp: 244-250°C, dec.)
suitable for an X-ray crystallographic study.

Anal. Calc. for CeoHsoN4OsLis: C, 75.93; H, 8.49; N, 5.90. Found: C, 75.42; H, 8.39; N, 6.21.

TH NMR (CsDs, 25°C): = 6.86 (s, 2H, aromatic Mes), 2.21 (s, 3H, para Me on Mes), 2.01 (s, 6H,
ortho Me on Mes), 1.92 (s, 3H, Me on backbone), 1.61 (s, 3H, Me on backbone), 1.56 (s, 3H, Me on
backbone).

13C NMR (CéDs, 25°C): d 172.69 (C=0), 170.08 (C-N), 147.83 (Cipso), 132.03 (Cpara), 129.24 (Cortho),
129.07(Cmeta), 100.64 (MeC(O)C(Me)C(Me)NMes), 27.36 (CHs—CO), 21.35 (para—CHs), 20.83 (CHs-
CN), 18.25 (ortho-CHs), 17.85 (CHs on backbone).

’Li NMR (CsDs, 25°C): 6 1.44 ppm (line width at %2 height = 8.07 Hz).

106



5.4 Synthesis of Lithium Cubane Complexes in Heptane 4a-c

a:R=Dipp,R'=H
b:R=Mes,R'=H
¢ :R=Dipp, R'= Me

4a-c

General procedure using 4b as an example: In a Schlenk tube 10 mL of heptane and 0.997 g (4.59
mmol) of 1b were combined while cooling in an ice bath. To this, 3.0 mL (4.8 mmol) of 1.6 M
BulLi in hexanes added via syringe and then heated to 70°C to dissolve. The solvent was
removed under reduced pressure and then the solid was dissolved in a minimum amount of
boiling toluene and placed in the freezer which resulted in colourless block-like crystals (mp: 245-
250°C, dec.) that turned out to be the cubane lithium complex co-crystallized with toluene (1:1) as
determined by X-ray crystallography. The NMR data showed that the crystals lost some of the
toluene over time to reduce the ratio to 0.4:1. The elemental analysis was performed during the
same week as the NMR was performed, therefore the elemental analysis data given is for the 0.4:1
ratio crystal.

Anal. Calc. for CsssH7sN4Os4Lis: C, 75.95; H, 8.15; N, 6.03. Found: C, 76.10; H, 8.04; N, 6.01.

TH NMR (CsDs, 25°C): 8 7.16-7.00 (m, 2H, free toluene in crystals), 6.84 (s, 2H, aromatic tol), 5.02
(s, CH on backbone), 2.20 (s, 3H, para Me on tol), 2.11 (s, 6H, ortho Me on tol), 1.52(s, 3H, Me on

backbone), 1.49 (s, 3H, Me on backbone).
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13C NMR (CsDe, 25°C): 8 176.27 (C-0O), 169.14 (C-N), 147.41 (Cipso), 138.22 (toluene), 132.35 (Cpara),
129.66 (toluene), 129.28 (Cortho), 129.11 (Cmeta), 128.56 (toluene), 126.03 (toluene), 99.20 (CH on bb),
28.30 (CHs—CO), 22.00 (para-CHs), 21.76 (CHs toluene), 21.32 (CHs—CN), 18.52 (ortho-CHs).

7Li NMR (CsDs, 25°C): d 2.76 ppm (line width at ¥4 height = 5.77 Hz).

For 4a: Following the general procedure above: From 1.01 g (3.89 mmol) of 1a and 2.5 mL (4.0
mmol) of 1.6 M BuLi in hexanes. The immediately formed white solid would not dissolve in the
heptane, even when more than double the heptane was added. The heptane was removed via
vacuum and the white solid was dissolved in toluene. Small colourless needles started to come
out of solution immediately when taken out of the heat despite increased amounts of toluene.
This sample was not characterized further. It is included here because it was mentioned X-ray
quality crystals of this sample were not obtained. The complex was not soluble in any non-

coordinating NMR solvents that were accessible in the lab.

For 4c: Following the general procedure above: From 0.508 g (1.858 mmol) of 1c and 1.2 mL (1.92
mmol) of 1.6 M BuLi in hexanes, heated to 80°C to dissolve. The reaction was then allowed to
cool to room temperature which resulted in the formation of white needle-like crystals (mp:
124.8-131.8°C, dec.) suitable for single crystal X-ray diffraction. Due to very low solubility of this
lithium complex in non-coordinating solvents, in comparison with the free ketoimine ligand, the
'H and *C NMR spectra of the lithium complex showed very minor peaks in the spectra

attempted, and therefore was not assigned.
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5.5 Synthesis of the Magnesium complex of 3b

3b

In a Schlenk tube 12.5 mL of dry heptane and 0.317 g (1.459 mmol) of 1b were combined while
cooling in an ice/salt bath. To this, 0.8 mL (0.8 mmol) of 1.0 M dibutylmagnesium in heptane was
added via syringe. After completion of the addition, the reaction was allowed to warm to room
temperature and stirred for a further hour. The heptane was removed by vacuum until solid
started coming out of solution and then the remaining heptane was heated up until the solid
redissolved. This was placed in the freezer where X-ray quality crystals grew of 3b.
Characterization other than the X-ray crystal structure was not obtained because the crystals

decomposed in the Schlenk tube in the freezer before any other data could be collected on them.
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5.6 Synthesis of Alkynyl Diimines 5a,b

R
/
N R'

- \(/N
R

S5a:R=Ph,R'=t-Bu
5b : R = Dipp, R' = p-Tol

RI

General procedure using 5a as an example: In a 100 mL 3-necked flask 2.6 g (9.7 mmol) of 18
wt/wt % sodium acetylide slurry in xylenes and 10 mL of THF were combined. 1.003 g (5.125
mmol) of N-phenyl-tert-butyl imidoyl chloride in 20 mL of THF was added dropwise and then
the reaction mixture was heated to reflux. After refluxing for 2 days the mixture was diluted
with 50 mL of pentane, filtered, and then the solvent was removed under reduced pressure using
a rotovap. The crude product was then purified by column chromatography using chloroform as
the eluent, and recrystallized from hexanes resulting in 0.270 g (15.3% yield, mp: 136-140°C) of
neon yellow block X-ray quality crystals from which the X-ray data was collected.

Anal. Calc. for C«H2sN: C, 83.68; H, 8.19; N, 8.13. Found: C, 83.33; H, 7.95; N, 8.13.

"H NMR (CDCls, 25°C):  7.31 - 7.25 (t, ] 7.50, 2 H; meta-phenyl), 7.08 (t, | 7.50, 1H; para-phenyl),
6.72 (d, 2H; ortho-phenyl), 0.991 (s, 9H; tert-butyl).

13C NMR (CDCls, 25°C): © 162.06 (C=N), 152.12 (ipso-Ph), 128.88 (ortho or meta-Ph), 124.46 (para-
Ph), 119.70 (ortho or meta-Ph), 88.70 (C=C), 40.13 (C(CH3)3), 27.42 (C(CH3)3) ppm.

MS m/z: 344 (M+, 40.69%), 287 (M-tBu, 62.52%), 227 ([C=CC(tBu)NPh + MeCH(Me)J*, 32.05%),
184 (tbuC=NPh(C=C)+, 100%), 160 (tbuC=NPh+, 37.72%), 118 (PhNC*CHs, 27.41%), 104

(PhN=CH?, 58.72%), 77 (Ph+, 66.55%), 57 (tbu+, 10.31%).
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IR(neat) cm': 2987 (w), 2966 (m), 2929 (w), 2865 (w), 1600 (s), 1481 (m), 1457 (m), 1391 (m), 1363
(m), 1237 (w), 1202 (m), 1157 (s), 1067 (w), 1026 (w), 915 (m), 879 (m), 829 (m), 790 (m), 741 (vs),

692 (vs), 515 (m), 478 (w), 454 (w).

For 5b: 1. In a 250 mL flask, to 2.00 g (7.50 mmol) of 18 wt/wt % sodium acetylide slurry in
xylenes and 15 mL of THF, 1.529 g (4.87 mmol) of N-dipp-tolyl imidoyl chloride in 30 mL THF
was added dropwise over 10 minutes and then refluxed for 4 days. After purification by column
chromatography and recrystallization, 0.145 g (5.13% yield, mp: 252 - 255°C) of bright yellow X-
ray quality crystals were obtained.

2. In a 250 mL flask, to 0.60 g (6.52 mmol) of lithium acetylide ethylenediamine complex (90%)
and 20 mL of THF, 2.01 g (6.40 mmol) of N-dipp-tolyl imidoyl chloride in 40 mL of THF was
added drop wise over 15 minutes while cooling the reaction in an ice/salt bath. The reaction
mixture was stirred with cooling for an hour and then allowed to warm to room temperature and
stir overnight. After purification by column chromatography, 0.857 g (23.1% yield, mp: 252 -
256°C) of bright yellow powder was obtained.

H NMR (CDCls, 25°C): 6 7.31 — 7.05 (m, 7 H; aromatic dipp and tol), 2.71 (septet, ] 6.82, 2 H; dipp
isopropyl CH), 2.40 (s, 3 H; tol CHs), 1.11 (d, ] 6.90, 6 H; isopropyl CHs), 1.03 (d, ] 6.90, 6 H;
isopropyl CHs).

13C NMR (CDCls, 25°C): d 151.32 (C=N), 148.60 (ipso dipp), 142.07 (para tol), 136.96 (ortho dipp),
133.03 (ipso tol), 129.44 (meta tol), 128.37 (ortho tol), 124.54 (para dipp), 123.46 (meta dipp), 87.69
or 77.44 (alkyne carbons), 28.56 (CH of isopropyl), 23.53 (isopropyl methyl), 23.36 (isopropyl
methyl), 21.78 (tol methyl).

MS m/z: 580 (M+, 39%), 565 (M-Me, 100%), 537 (M—iPr, 40%), 302 (DippNCTol(C=C)+, 20%), 278

(DippNCTol+, 40%), 160 (Dipp-H, 12%), 77 (Ph, 12%).
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IR(neat) cm-: 2956 (m), 2924 (w), 2865 (w), 1608 (w), 1582 (s), 1561 (s), 1506 (w), 1458 (m), 1436
(m), 1406 (m), 1382 (m), 1361 (w), 1326 (m), 1309 (s), 1291 (vs), 1267 (m), 1192 (m), 1175 (m), 1111
(m), 1081 (m), 1059 (m), 1041 (w), 1015 (m), 924 (m), 850 (m), 826 (vs), 794 (m), 779 (vs), 732 (vs),

721 (s), 670 (s), 534 (m), 483 (m), 439 (m), 424 (m).
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5.7 Synthesis of Silylated Alkyne 6b

— =

Placed 1.06 g (3.38 mmol) of N-2,6-diisopropylphenyl-tolylimidoyl chloride and 0.575 g (3.37
mmol) of bis-trimethylsilylacetylene were placed in a 100 mL 3-necked flask and 10 mL of
methylene chloride was added. While cooling this solution in an ice bath, 0.668 g (5.01 mmol) of
AICls was added to the mix. The reaction mixture was then left to warm to room temperature
and stir overnight. The reaction was then quenched with 3 mL of concentrated HCI diluted with
ice. The organic layer was then washed with concentrated ammonium chloride and dried over
MgSOs. After purification by column chromatography (1:1 Hexanes:CH:Clz) and recrystallization
in hexanes, 0.346 g (27.2% yield, mp: 91-99°C) of yellow prism X-ray quality crystals were
collected.

Anal. Calc. for CsHasNSi: C, 79.94; H, 8.85; N, 3.73. Found: C, 79.91; H, 8.56; N, 3.76.

TH NMR (CDCls, 25°C): 0 8.11 (d, ] 8.16, 2 H; ortho aromatic H on tol), 7.30 (d, | 8.22, 2 H; meta
aromatic H on tol), 7.14 — 7.07 (m, 3 H; aromatic H on dipp), 2.79 (septet, ] 6.85, 2 H; CH of
isopropyl), 2.44 (s, 3 H; methyl on tol), 1.15 (d, ] 6.81, 6 H; isopropyl methyl), 1.13 (d, ] 6.75, 6 H;

isopropyl methyl), —0.02 (s, 9 H; Me on TMS).
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13C NMR (CDCls, 25°C): 8 151.97 (C=N), 148.78 (ipso dipp), 141.88 (ipso tol), 136.59 (ortho dipp),
133.94 (para tol), 129.35 (meta tol), 128.27 (ortho tol), 123.95 (para dipp), 122.93 (meta dipp),
105.15 (CC-TMS), 98.15 (CC-TMS), 28.46 (CH of isopropyl), 23.78 (Me of isopropyl), 23.48 (Me of
isopropyl), 21.75 (Me on tol), —0.56 (5iCHs).

MS m/z: 376 (MH+, 44%), 375 (M+, 23%), 360 (M-Me, 100%), 332 (M-iPr, 13%), 302 (M-TMS,
25%), 288 ([M—-iPr]-iPr, 20%), 174 (NDipp-H, 12%).

IR(neat) cm: 2656 (m), 2925 (w), 2867 (w), 1584 (m), 1561 (m), 1459 (w), 1438 (w), 1311 (w), 1286
(m), 1246 (m), 1179 (m), 1103 (w), 1048 (m), 1017 (w), 861 (s), 842 (vs), 824 (vs), 781 (m), 760 (s),

736 (s), 723 (m), 676 (w), 643 (w), 484 (w), 427 (w).
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5.8 Synthesis of Desilylated Alkyne 7b

0.534 g (1.42 mmol) of 6b was placed in a 100 mL flask along with 20 mL of methanol and 20 mL
of THF (not dry) and 0.102 g (0.738 mmol) of ground up anhydrous potassium carbonate was
added while stirring. Further small amounts of potassium carbonate were added until the
reaction was complete as judged by TLC (monitored daily). Once the reaction was complete, 75
mL of slightly diluted saturated ammonium chloride solution and 75 mL of ether were added
and mixed. The organic layer was washed 3 times with 100 mL of water and dried over
magnesium sulfate. The solvent was removed via reduced pressure on the rotovap resulting in
0.370 g (86% yield, mp: 107-118°C) of a bright yellow crystalline solid.

"H NMR (CDCls, 25°C): 0 8.13 (d, ] 8.19, 2 H; ortho aromatic H on tol), 7.30 (d, ] 8.01, 2 H; meta
aromatic H on tol), 7.18 — 7.07 (m, 3 H; aromatic H on dipp), 3.22 (s, 1 H; CH of alkyne), 2.80
(septet, ] 6.86, 2 H; CH of isopropyl), 2.44 (s, 3 H; methyl on tol), 1.17 (d, ] 6.87, 6 H; isopropyl
methyl), 1.13 (d, ] 6.84, 6 H; isopropyl methyl).

13C NMR (CDCls, 25°C): 8 150.80 (C=N), 148.01 (ipso dipp), 142.14 (ipso tol), 136.69 (ortho dipp),

133.96 (para tol), 129.43 (meta tol), 128.24 (ortho tol), 124.27 (para dipp), 123.06 (meta dipp), 85.54
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(CH of alkyne), 77.44 (CCH of alkyne), 28.50 (CH of isopropyl), 23.54 (Me of isopropyl), 23.38 (Me
of isopropyl), 21.74 (Me of tol).

MS m/z: 303 (M+, 10%), 288 (M-Me, 100%), 272 (M—2Me, 41%), 260 (M-iPr, 20%), 174 (Ndipp-H,
24%).

IR(neat) cm™: 3264 (m), 3254 (m), 2960 (s), 2925 (m), 2867 (m), 2094 (w), 1586 (s), 1561 (s), 1508 (w),
1459 (m), 1438 (m), 1408 (w), 1382 (m), 1362 (m), 1330 (m), 1308 (m), 1277 (s), 1239 (m), 1175 (s),
1101 (m), 1042 (m), 1012 (s), 936 (w), 827 (vs), 774 (vs), 722 (s), 706 (m), 692 (vs), 662 (vs), 434 (m),

424 (m).
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Appendix A
MO'’s of alkynyl imines and diimines

L5
Figure A1 - HOMO-2 for 6b.

Figure A2 - HOMO-5 for 6b.
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Figure A3 - LUMO of 6b.

L™
Figure A4 - HOMO-3 for 7b.
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Figure A5 - HOMO-4 for 7b.

Figure A6 - LUMO for 7b.
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Figure A7 - HOMO for 5a.

Figure A8 - HOMO-1 for 5a.
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Figure A9 - HOMO-2 for 5a.

Figure A10 - HOMO-5 for 5a.
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Figure A11 - LUMO for 5a.

Figure A12 - HOMO for 5b.

123



Figure A13 - HOMO-1 for 5b.

Figure A14 - HOMO-3 for 5b.
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Figure A15 - HOMO-4 for 5b.

Figure A16 - HOMO-6 for 5b.
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Figure A17 - LUMO for 5b.
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Appendix B
2D NMR of 1d and 2¢

c10 = 15

c5 — g
C6 —

_—ZU

25

ci2

- 30

35

—40
1 T T T T | T T T [
38 36 34 32 30 28 265 24 22 20 18 16 14 12 10 0.8 ppm

! !

Figure B1 - Portion of the HSQC for 1d. Labeling scheme is found on page 128.
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Figure B3 - Labelling scheme for 2d NMR spectra for 1d.
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Figure B4 - Portion of HMBC of 1d. Labeling scheme is on page 128.
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Figure B5 - Second portion of HMBC for 1d. Labeling scheme is on page 128.
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Figure B6 — Portion of the HSQC of 2¢c. Labeling scheme is below.

Figure B7 — Labeling scheme for the 2d NMR spectra of 2c.
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Figure B8 — Full HSQC of 2¢c. Labeling scheme is on page 131.
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Figure B9 - Portion of the HMBC of 2¢c. Labeling scheme is on page 131.
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Figure B10 - Second portion of HMBC for 2c. Labeling scheme is on page 131.
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