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Abstract

Asphaltenes constitute the heaviest and least understood sub-class of bitumen. The degree of
difficulty regarding upgrading arises from the diverse and complex mixture of organic and
organometallic molecules characteristic of heavy petroleum. It is hypothesized that these
molecular constituents are entwined and tightly aggregated to form complex suprastructures. The
numerous structural properties of asphaltenes (vast polycyclic aromatics, heteroatoms, polar
functional groups, aliphatic segments and substituents, etc.) instigate inter- and intramolecular
interactions causing irreversible aggregation. To increase the value and/or use of this material,
efficient new upgrading procedures are required in order to address global, ever-expanding, energy

needs.

Significant achievements in analytical technology has surpassed the basic understanding of the
bulk properties of bitumen. Analytical methods such as ICP-MS, VPO, SANS, ITC, and AFM/
STM have begun to intimately define the structural make-up of complex asphaltene molecules.
Initial modeling of asphaltene components was limited to commercial aromatic compounds;
however, rational molecular design and modern organic synthesis have begun to build a library of

structural candidates, to accurately represent the supramolecular behaviour of native asphaltenes.

This dissertation describes a new catalytic cyclocondensation procedure, allowing us to prepare a
range of quinoline-core asphaltene model compounds. The concise synthetic methodology utilizes
a multicomponent reaction (MCR) to build compounds that incorporate a basic nitrogen entity. As
a result of low yields and irreproducible results, substantial effort was applied to improve the
reaction. Extensive optimizations were conducted to generalize and control the MCR. New

mechanistic detail was obtained by our in-depth analysis and we identified the true role of the



catalyst, the necessary requirement of added oxygen, and the need for other additives. Effectively,
once optimized, a wide range of quinoline-core compounds were synthesized in high purity and
yield. These quinoline-based compounds have tremendous value in assessing the behaviour of
authentic asphaltene samples. As a result of the complex solubility characteristics of asphaltenes,
model compounds have been used to study the difference in solubility and chemical structure using
Hansen solubility parameters. Though early work using quinoline-based model compounds has
shown that solubility of model compounds is complex due to slight changes in structure, the need
for further investigation requires a diverse library of models. Furthermore, the model compounds
will be needed to test aggregation, which is expected to differentiate when one or a mixture of
compounds are studied (ITC, NMR, IR, etc.). Overall, the key to this methodology is the simplicity
to modulate the individual components and increase the complexity required for the types of

compounds required.



Preface

The various first generation of pyrene archipelago model compounds described in Chapter 1, was
accomplished by my former colleague, Colin Diner. During this work, I collaborated along side
him synthesizing “island” tethers on large scale. This work resulted in a publication, Diner, C.;
Scott, D. E.; Tykwinski, R. R.; Gray, M. R.; Stryker, J. M. “Scalable, Chromatography-Free
Synthesis of Alkyl-Tethered Pyrene-Based Materials. Application to First Generation
“Archipelago Model” Asphaltene Compounds”, J. Org. Chem. 2015, 80, 1719-1726. As well,
segments of this asphaltene review were expanded into a comprehensive review of model
compounds, which includes an in-depth analysis of aggregation, analysis of porphyrinic model
compounds, and a prognosis for the field. I am first author of the review, submitted as Scott, D.
E.; Schulze, M.; Stryker, J. M.; Tykwinski, R. R.; “Deciphering the Asphaltenes: Hypothesis-

driven Design and Synthesis of Model Compounds”.

Chapter 2 defines heterocycles and nomenclature, traditional quinoline synthesis, and our first I>-
catalyzed multicomponent reactions. In this chapter I discuss the collaboration with a former
colleague, Matthias Schulze. Herein, I determined the precise water percentage and optimal
catalyst/catalyst loading required to optimize MCR conditions. This work resulted in a publication,
Schulze, M.; Scott, D. E.; Scherer, A.; Hampel, F.; Hamilton, R. J.; Gray, M. R.; Tykwinski, R.
R.; Stryker, J. M. “Steroid-Derived Naphthoquinoline Asphaltene Model Compounds: Hydriodic
Acid Is the Active Catalyst in I>-Promoted Multicomponent Cyclocondensation Reactions”, Org.

Lett. 2015, 17,23, 5930-5933.

Chapter 3 of this thesis describes the synthetic sequence used to prepare the components for the

MCR. In addition, this chapter reports our initial optimization and the synthesis of a range of



substituted benzoquinoline archipelago model asphaltene compounds. I was assisted in the scale-
up of this procedure by two undergraduate research assistants, Jose F. Rodriguez and Mark Aloisio.
Furthermore, I had the pleasure collaborating with a visiting scientist from AIST (The National
Institute of Advanced Industrial Science and Technology) in Japan, Dr. Masato Morimoto, who
separated and identified the side-products from one non-selective reaction. The manuscript for
publication is in progress: Scott, D. E.; Aloisio, M. D.; Morimoto, M.; Rodriguez, J. F.; Hamilton,
R. J.; Tykwinski, R. R.; Stryker, J. M. Dual “Single-atom” Catalysts for Oxidative
Multicomponent Reactions. In addition, select compounds synthesized in this chapter were used
to study Hansen solubility parameters which resulted in a publication, Morimoto, M.; Fukatsu,
N.; Tanaka, R.; Takanohashi, T.; Kumagai, H.; Morita, T.; Tykwinski, R. R.; Scott, D. E.; Stryker,
J. M.; Gray, M. R.; Sato, T.; Yamamoto, H. “Determination of Hansen Solubility Parameters of

Asphaltene Model Compounds”, Energy Fuels 2018, 32, 11296-11303.



“Success consists of going from failure to failure without loss of enthusiasm.”

-Sir Winston Churchill
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1. History of Asphaltene Model Compound Synthesis

Fossil Fuels— The Composition of Bitumen

The demand for fossil-based fuels and petrochemicals continues to grow rapidly across the globe.
However, this is mirrored by a depletion of easily accessible light crude oils, which are typically
processed into fossil fuels. This trend has forced producers to spend increasing amounts of capital
to develop heavier, less accessible, crude oil sources, such as those found in the Alberta Oil
Sands.['3] Vast amounts of heavy crude oil (approximately 170 billion barrels) are found in the
Oil Sands, located in the Athabasca and Cold Lake regions of Alberta.[*! In addition, other oil sands
and heavy petroleum resources are being developed around the world.[’! However, the chemical
composition and resulting physical properties of these heavy crude oils lead to significant
challenges in transporting and refining the raw material into fuels and petrochemicals. Heavy crude
oils and bitumen contain a disproportionate fraction of high molecular weight
molecules/aggregates, which further agglomerate in an uncontrolled manner, under processing
conditions. With the increased use of heavy crude oils, associated draw-backs are magnified, both
physically and chemically. These issues include asphaltene precipitation during transport and/or
storage and catalyst deactivation caused by thermal coke formation.[*15] Therefore, innovative
technologies to convert this valuable resource into transportation fuels and petrochemical feed

stocks has become a high priority.

Bitumen, a black tarry petroleum resource having a density < 1000 kg/m?, is comprised of mainly
large cyclic and acyclic organic heavy hydrocarbon molecules along with some complexed metals
(predominantly Ni and V). Its bulk properties are due to thousands of complex structures and
abundant functionality, including polycyclic aromatics, polar functional groups, and

heteroatoms.!':1%!7] For the raw commodity to have value, the bitumen must be separated from the



geological matrix and subjected to extensive upgrading/refining, via processes such as fractional
distillation and hydrotreatment.['® The most valuable component of raw bitumen is the alkane-
soluble maltene fraction, which is composed of volatile saturated and aromatic molecules, as well
as heavier resins (see the SARA method Figure 1-1).['%2% This portion of bitumen is typically
processed into fuels and petrochemicals. The heavier fraction of bitumen, referred to as the
asphaltenes, is insoluble in alkanes but soluble in aromatic solvents (e.g. toluene). The asphaltenes

constitute the heaviest, most poorly characterized, and least understood fraction of bitumen.!]

Crude

N

Maltenes Asphaltenes

(pentane soluble) (toluene soluble) \ q —l

Saturates Aromatics Resins

Figure 1-1. SARA analysis of bitumen.?2!]

The limited knowledge about the asphaltenes results from the high molecular weights, functional
group diversity, and complex intermolecular interactions characteristic of its constituent
molecules.*?! There is ongoing debate regarding the average molecular weight of asphaltene
constituents. Early estimates based on mass spectrometric and molecular diffusion techniques
posited an average molecular weight of 600-750 Da.l'21723-27] byt advances in mass spectrometry
has resulted in a significant upward revision of that number to 2800-3600 Da. Nonetheless,
considerable disagreement persists.?* ] In addition, the possible chemical structures of

asphaltene constituent molecules, along with the nature of the inter- and intramolecular



interactions, remain poorly understood and vigorously debated. No reliable technique has as yet
been developed to determine the exact molecular arrangement of individual asphaltene molecules

or their aggregates; however, much research continues to be dedicated to this area.**

1.1. Advances in asphaltene analytical science

Much of the data used to construct structural models for asphaltenes is derived from a suite of
analytical techniques used to probe natural asphaltenes. These techniques include modern mass
spectrometry (ICP-MS) and vapor phase osmometry (VPO) for determining molecular weight
distribution,****! small-angle neutron scattering (SANS) for identifying asphaltene aggregates,*!
fluorescence depolarization to measure the molecular size of aggregates,[***! infrared
spectroscopy (IR) for characterizing intermolecular interactions (e.g. hydrogen bonding),**!
isothermal titration calorimetry (ITC) for revealing asphaltene self-association,*’! and atomic

force/scanning tunneling microscopies (AFM, STM)*44%! for single molecule imaging.**

More recently, AFM, STM, and several novel mass spectrometric techniques, have revealed at
least partial structural identification of individual constituents in asphaltenes. This has greatly
refined our understanding and guided the targeted design of more representative model
compounds. For example, Gross and co-workers, using coal-derived asphaltenes, combined AFM
and STM to identify a range of individual continental-like compounds (Figure 1-2, e.g. 1) and, in
one case, an archipelago-like heteroaromatic structure (Figure 1-2, e.g. 2).** Each compound
appears to have peripheral substituents, but these could not be imaged with precision. While
ground-breaking, this study must be interpreted with some caution: the compounds imaged lacked

sophisticated functionality and the actual ‘parent’ molecules may not have survived the high



temperature (900 K) flash sublimation techniques used to coat the Cu(1 1 1) molecular imaging

substrate.

Figure 1-2. (1) Imaged structure of a continental compound and (2) imaged structure of
archipelago-like compound.!*4!

In 2017, imaging of synthetic archipelago model compounds was conducted by high-resolution

(45] The structural features clearly defined included planar

noncontact atomic force microscopy.
polycyclic aromatic molecules, as well as linear alkyl and cycloaliphatic functionality. The authors
conclude that the application of AFM for structural investigation of asphaltenes has become a
superior analytical technique for individual molecule identification, and suggest that there may be
a significantly higher number of archipelago compounds than had been previously determined.[**!
This advance in characterization bodes well for future identification of both aromatic and aliphatic

moieties in authentic asphaltene samples. Asphaltene aggregates, however, remain out of

analytical reach.

1.2. Chemical composition of asphaltenes

Evidence from the analysis of asphaltenes has established that the constituent molecules are

principally medium-to-large polycyclic aromatic ring systems (PAHs). The PAHs often



incorporate heteroatoms (sulphur, oxygen, and nitrogen; see Figure 1-3) in the cyclic core and are
decorated by either terminal or tethering saturated alkyl chains. In addition, the molecules contain
many cyclic and acyclic polar functional groups (carboxylic acids, phenols, thioethers, and
polycyclic derivatives of pyrrole, indole, pyridine, quinoline, etc.), residual biomarkers (e.g.

elaborated porphyrins, hopanes), and ligated transition metals (mostly vanadium and

nickel).“ 1,20,47-50]

Bitumen Asphaltenes: Elemental
Composition

Carbon 82 + 3% ® Hydrogen 8.1 +0.7% M Sulfur 10.3-0.3% M Oxygen 4.9-0.3% M Nitrogen 3.3-0.6%

Figure 1-3. Asphaltene elemental composition.!>"!

Heteroatoms such as nitrogen, sulphur and oxygen comprise a minority of the mass of bitumen;
nevertheless, the polar intermolecular interactions resulting from their presence are of great
importance for understanding the bulk behaviour of asphaltenes. The most abundant heteroatom
found in asphaltenes is sulphur, accounting for as much as 10% of the total mass, while nitrogen

is least abundant (typically < 3.5%).149>1521 The heteroatom content of asphaltenes can vary



widely, particularly for oxygen and sulfur. This is generally attributed to the geological
environment in which the oil developed and how the crude oil was processed, e.g., during
diagenesis and catagenesis, incorporation of sulfur comes from elemental sulfur deposits or sulfur-

[49,53]

containing minerals. Furthermore, the majority of oxygen is incorporated during

diagenesis/catagenesis, however, the amount of oxygen is further increased when the petroleum

[49,53]

reservoir is exposed to atmospheric oxygen. Sulfur in asphaltenes occurs mainly in

benzothiophenes, dibenzothiophenes, and napththenic benzothiophenes. In addition, other sulfur-
containing compounds have been identified, including dialkyl, alkyl/aryl, and diaryl sulfides.!*-!]
Conversely, oxygen atoms are usually found in molecules primarily identified as carboxylic acids,
phenols, and diarylketones. Thus, most oxygen atoms in petroleum are limited to peripheral
aliphatic chains, instead of being incorporated into heterocycles. 491234 Nitrogen atoms, on the
other hand, are found almost exclusively in heterocyclic molecules, with pyrrole rings being the
most abundant reservoir of this heteroatom. In addition, a significant amount of nitrogen in
asphaltenes is found in pyridine, quinoline, and benzoquinoline ring systems (compounds 4-10),
as well as in a few four-ring aromatic species.[*>*1*23437] Non-basic nitrogen species such as
carbazole and derivatives (e.g., 3) are also found in asphaltenes.l** The molecular assignments for
nitrogen, oxygen, and sulphur were made based on data obtained from analytical separations and
mass spectrometric analysis, as well as chemical degradation (Figure 1-4).[451-5254-581 Nitrogen
contain heterocycles, particularly quinolines and benzoquinolines, will be the focus of this
dissertation, partly because they give rise to strong associative interactions (e.g., acid/base
reactions and/or hydrogen bonding), but more importantly because the strategies used for

constructing such molecular cores also allow for rapid, modular synthesis of very large alkyl-

tethered polycyclic aromatic structures which are of critical importance to modelling the behaviour



of asphaltenes. Thus, the molecules I am synthesizing are quinoline-like compounds; which will
comprise a new library of archipelago model structures. The design and preparation of model

compounds will be further discussed in the remaining sections of this chapter, and again, in

Chapter 2.
C X
i () ¢ oD
= N N N/ S
H N=
3 4 5 6
X X
X C, _ Cs C,Hs
G _ N N
N 10

Figure 1-4. Nitrogen based compounds identified in Athabasca asphaltene by mass
Spectrometry.[S 1,52,54,55,57]

1.3. Asphaltene structural models

The high molecular weight and highly unsaturated compounds found in asphaltenes are thought to
be best represented by a combination of two distinct structural motifs. These conceptual models
attempt to explain the fragmentation patterns seen in mass spectrometric analysis, as well as the
bulk aggregation behaviour well-established for asphaltenes. The Yen-Mullins “continental”
model (originally termed the Yen model) defines the “average” asphaltene compound as a single
highly condensed polycyclic aromatic compound, functionalized by peripheral alkyl substituents
of various lengths, with incorporation of ring heteroatoms (S, N, and O, in descending order of

abundance) (Figure 1-5).*”) The primary aggregation motif is identified as face-to-face m-n



stacking interactions of the quasi-graphitic cores. However, experimental evaluation of the
aggregation behaviour of simpler, unfunctionalized model continental-like molecules (e.g.,
hexabenzocoronene) reveals that m-m association energy alone cannot account for the total

aggregation behaviour found in authentic asphaltene samples.

X=0,N,orS 11
R= unknown side groups

Figure 1-5. Actual continental-like molecule identified in bitumen.[*!!

A structural model accounting for all the inter- and intramolecular associative interactions was
therefore necessary. To represent the diversity of associative interactions, a second structural
hypothesis was conceptualized and termed the “archipelago” model (Figure 1-6).2>%! The
archipelago model depicts asphaltene molecules as being composed of smaller condensed aromatic
and naphthenic (partially aromatic) “islands,” decorated with alkyl sidechains and tethered
together by saturated alkyl (C2-C6) and thioether bridges. The aromatic “islands” incorporate the
heteroatoms and the molecule can be further decorated with complex functionality, e.g., steroidal

biomarker residues and porphyrin-like rings.l*"]



Figure 1-6. Fictional representation of a representative archipelago molecule.

The range of intermolecular interactions available to ‘archipelago’ molecules better correlates with
the aggregation forces observed in authentic asphaltene samples. A cartoon rendering of an
asphaltene aggregate composed of archipelago molecules (Figure 1-7) implicates a variety of
cooperative intra- and intermolecular interactions: hydrogen bonding, acid-base interactions, n-mt
stacking, hydrophobic pockets, small molecule inclusion complexes, and metal-ligand
complexation.'') Taken together, these interactions more accurately depict supramolecular
interactions anticipated in authentic asphaltenes. Indeed, modelling studies support this hypothesis
— the aggregation behaviour of archipelago model compounds is more representative than that
observed for continental compounds.!®” Using molecular dynamics simulation, Cafias-Marin and
co-workers showed that archipelago structures have the flexibility to maximize Van der Waals
interactions, thus increasing overall aggregation energy. The comparable lack of flexibility in the
large polycyclic aromatic cores of continental structures, even with flexible peripheral alkyl
chains, has the net effect of reducing the volume of Van der Waals interactions, thus limiting

aggregation energy.[!! However, a combination of both model systems, perceived as one



continental-archipelago construct, may further enhance the aggregation profile, more accurately

representing natural asphaltenes.

Figure 1-7. Fictional representation of the archipelago model association behaviour. (Adapted
with permission from Gray M.R., Tykwinski R.R., Stryker J.M., Tan X. Supramolecular assembly
model for aggregation of petroleum asphaltenes Energy Fuels, 2011, 25, 3125-3134. Copyright
2012 American Chemical Society).!!!

Asphaltene Model Compounds

Historically, the complex physical properties of asphaltenes have been modelled by
experimental'®> " and computational studies,*!”>""! using only commercially-available PAHs.
Both carbocyclic and heterocyclic compounds with varying degrees of alkyl substitution/bridging

have been used for this purpose.[’80-82]

Even more elaborate compounds, including biomarker
analogues (e.g. porphyrins) and over functionalized organic dyes (e.g. perylenediimides) have also
found use as models for asphaltene constituents. Unfortunately, these model compounds are overly
simplified compared to the vastly more complex asphaltene phase, not to mention compositionally

irrelevant. Thus, the quality and applicability of the information obtained has been inherently

10



limited. In addition, most commercially available compounds are continental compounds (Figure
1-8), leaving the archipelago hypothesis completely untested. Thus, the absence of experimental
data validating the archipelago hypothesis has raised a pressing demand for the synthesis of new
classes of rationally designed model compounds, for use as truly representative molecular mimics

of natural asphaltenes.

14 15 17

Figure 1-8. Continental model substrates explored as asphaltene mimics.

1.4. Synthetic continental model compounds

The earliest efforts to model asphaltenes using custom-synthesized model compounds were
focused on supporting the continental model. The unsubstituted core ring systems ranged from
anthracenyl to coronene (Figure 1-9);41:686%.75] the analytical methods consisted of standard EI-
MS characterization (molecular weight, fragmentation patterns) and solution self-aggregation.

Unfortunately, most of these compounds show only weak association behaviour and lack the

11



appropriate functionality to truly represent asphaltenes. As a result, more elaborate compounds

containing alkyl substituents and heteroatoms were targeted by future synthetic design.

13 16 18

Figure 1-9. Small continental model compounds.

The first alkylated synthetic continental compounds were “small-core” pyrene analogues. Gray
and co-workers prepared and investigated model alkyl-pyrenes using VPO, SANS, and DFT. No
aggregation was observed using VPO and SANS; additionally, DFT computations suggested that
pyrene, absent of any functionality, lacks the ability to propagate strong aggregation.[’®® It was
hypothesized that the installation of n-alkyl substituents on the pyrene core would lead to enhanced

184851 However,

solubility, encouraging aggregation by increasing Van der Waals binding (Eq. 1-1).
solution aggregation of the alkylated analogues was negligible; such compounds are poor models

of authentic asphaltenes. In response to this failure, researchers then explored larger continental-

type compounds, in search of stronger aggregation behaviour.[¢"!
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Br Br 1. 1-decyne, piperidine ~ C1oH21 CioHa
PCClz(PPH3)2, Cul
“ 2. H,, Pd/C, THF “
Br O Br CioHyj O CioHay

19 20

Equation 1-1. Sonogashira alkynylation and subsequent catalytic hydrogenation affording a
tetrasubstituted alkyl pyrene in an unreported yield.

Higher molecular weight continental compounds, most notably hexa-alkyl-peri-
hexabenzocoronenes (HBCs), were explored, anticipating a significant increase in intermolecular
interactions and more desirable aggregation behaviour.[*>*” These HBC derivatives (Scheme 1-1,
15a-d) are easily accessed synthetically using a cobalt-catalyzed trimerization of tolanes 21a-d,
followed by Lewis acid mediated ring fusion (the Scholl reaction).®***! The HBCs display
improved self-association relative to pyrene,®%%°! forming persistent dimers in solution at 75 °C
(toluene) and 100 °C (o-dichlorobenzene).l®) DFT calculations attribute this to a combination of
stronger m-m stacking and intermolecular alkyl-alkyl hydrophobic interactions, which together
induce aggregation.[*®! Unfortunately, the results also show virtually no associative n-m stacking
interactions between HBC 15¢ and a second polycyclic system, in this case a metalloporphyrin,
limiting the use of such molecules as mimics for the more complex asphaltene aggregates.”!!
Furthermore, the highly symmetric nature of the HBC models, along with the absence of
heteroatoms, are not representative of the molecular structures as characterized by ICP-MS and
advanced imaging techniques. The size of the polycyclic HBC core is larger than that suggested

by asphaltene analysis (average 4-10 fused ring systems)?’!, and the aggregation behaviour is, at

best, much weaker when compared to authentic asphaltenes. Continental-type compounds

13



intermediate in size, but incorporating heteroatoms, were therefore targeted as the next iteration in

synthetic asphaltene modeling.

R
R
FeCl;, CH3NO,
CH,C1
R O R o -
Co,(CO)g ‘ ‘ Cu(CF;S0;),/AICl;
| | 1 ,4-dioxane O Cs,
. AT
a) R =n-C¢H 3
R R b) R = n-CoH /g
R =n-C,H
21ad 22a-d ©) R=n-CyHys

d) R = p-C|,H,sPh

Scheme 1-1. Synthesis of HBC derivatives.

The absence of heteroatoms in early synthetic model compounds was among the most glaring
impediments to applying the compounds, with any accuracy, to model the behavior of asphaltenes.
Elemental composition analysis reveals that heteroatoms comprise greater than 10% of the total

mass of asphaltenes in Athabasca crude (Table 1-1).2%

Table 1-1. Composition by mass of Athabasca asphaltenes.

Compound C H N Q) S

Athabasca Asphaltenes 80.5+3.5 8.1+0.4 1.1+03 25+1.2 79+1.1

In response to this, Wiehel®?!

investigated aromatic polyethers 23 and polyesters 24 to model low
molecular weight continent-type model compounds (Figure 1-10). These compounds were used to

model thermal coke formation, which is a common reaction for asphaltene compounds. However,

the high oxygen content of 2,3,6,7,10,11-hexaoctoxytriphenylene 23 (9.6%) and benzenehexa-n-

14



hexanoate 24 (25.2%) for these model compounds relative to Athabasca asphaltenes (2.5% + 1.2),

renders the results of limited relevance.!?%%%

H,,C40
O H,,Cs0CO
OO OCsH, H,,Cs0CO 0COC3H;,
OCsHy7 H,,Cs0CO OCOCsH,,
H,;C{0 OCOCsHy,
OCgH,,
23 24

Figure 1-10. Oxygen containing continental-like structures./°”

Compounds with more appropriate heteroatom content, such as dibenzofuran, thiophene, and 2,2’-
dithiophene derivatives have also been explored, but the low molecular weights disqualify these

as authentic asphaltene model compounds.’®>*-31 Higher molecular weight fused-ring structures

were then targeted (Figure 1-11).°6°7]

27
Figure 1-11. Heteroatom containing continental-like structures.
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1.5. Unorthodox continental model compounds

Perylene dyes, which include cyclic anhydrides,!®! diimides,/?>%° and asphaltene-relevant ethers,
ketones, and esters,”®* 1% have been utilized as higher molecular weight continental model
compounds. Juyal and co-workers identified the presence of perylene derivatives in crude oil,1%!!
and Sjoblom and co-workers synthesized many perylene diimide (PDI) model asphaltenes (Figure
1-12, 17a-d).1256%98102-1101 Thege compounds were designed to resemble naphthenic acid
derivatives, which are key components in asphaltenes.[!'] While these compounds do display
characteristics relevant to asphaltene modeling, the compounds themselves are poor mimics, partly

due to inflated heteroatom content and uncharacteristically large number of functional groups

(ketones, alcohols, esters, etc.) relative to the naturally occurring asphaltene samples.

n-Hex n-Hex
R I
| a

CO,H

Co

n-Hex n-Hex

d ‘?%/\/COZH
17 a-d

Figure 1-12. Functionalized perylene structures as asphaltene model compounds.

Other oxygen-rich compounds such as esters and carboxylic acids have been synthesized and

studied as model asphaltenes (Figure 1-13).'%! Unfortunately, the chemical composition and
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functional group structures, limit the relevance of inferences drawn from such dat

a. [105,107,108,111—

113]
0 0
Hooc” Y7 So-C 0.0 c-0" ™ coon
HOOC_{y._0-¢ O O C=0._43._-COOH
0 0 8
28
HOOC COOH
Hooc/\M;\o 2 OAM:\COOH
HOOC
COOH
COOH 30
Figure 1-13. Continental and archipelago-like carboxylic acid model compounds.['%!
1.6. Early synthetic methods for preparing archipelago model compounds

The absence of significant aggregation in continental-type compounds, relative to the naturally

occurring asphaltenes, precipitated a shift to the synthesis of archipelago-type molecules as

potentially better models. Following the failures with continental-type molecules, archipelago

compounds were designed to specifically incorporate relevant structural features that promote

aggregation, while at the same time reproducing the typical elemental composition seen in

asphaltenes. The presence of archipelago-like compounds in asphaltenes is strongly supported by

data from oxidative degradation of the constituent aromatic cores. The abundance of o,w-
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dicarboxylic acids linked by saturated alkyl chains is considered diagnostic for the presence of
molecules consisting of two or more PAHs linked together by short, saturated alkyl segments.!'!]
Synthetic archipelago compounds have consequently become important targets for modeling

asphaltene behaviour.

In one early example, Akbarzadeh, et al., prepared 1,10-di(pyrenyl)decanediol 34 using a double

[83] The diketone intermediate

Friedel-Crafts acylation to tether two pyrene residues (Scheme 1-2).
33 and the final diol product 34 were both found to self-associate in solution (by dimerization),
partly attributed to the presence of the polar functional groups. Unfortunately, based on the
chemical composition of asphaltene molecules (see Section 1.2) the position along the alkyl chain
of these polar functional groups (ketones and alcohols) are not features prominently found in the

asphaltene matrix, so the behavior of these model compounds 33/34 offers limited insight.[°" It is

unclear why the fully reduced hydrocarbon was not investigated.

S U S
Cl 8 Cl O
8
O

31 0
33

SOENOSE 00NN ¢
—_— >

8
0 0 OH OH
33 34

Scheme 1-2. Early model compound synthesis of the two island systems in unreported
yields.[#3114]
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To include more relevant heteroatom functionality, as well as prepare more elaborate archipelago-
type compounds, Fenniri and co-workers synthesized a ‘three-island’ pyridine/pyrene archipelago
system (Scheme 1-3).1°90 Benzylic deprotonation of 4,4’-dimethyl-2,2’-bipyridine 35 afforded
dilithiated compound 36, which undergoes double benzylic alkylation upon addition of 1-
(chloromethyl)pyrene 37, giving the three-island archipelago compound 38. The model is notable
because it incorporates simple, saturated alkyl tethers along with a basic nitrogen heterocycle; both
features are common in authentic asphaltenes.[*! Unfortunately, the overall yield of compound 38
was very low and the high symmetry of this compound is uncommon in asphaltene. Nevertheless,
the synthetic strategy — building the necessary components and then assembling them into the final
product in one, convergent synthetic step — set the stage for the next-generation of model

compound synthesis methods.

78\ \_/ LDA (2.2 equiv) 72\ <)
=N N THF =N N

Scheme 1-3. Synthesis of a three-island bipyridine archipelago model compound.!’!
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Archipelago compound 38 was used to investigate potential aggregation motifs. Spectroscopic
experiments ('H NMR) were conducted in the presence of water, which is abundant in all
petroleum deposits and could easily play an essential role in driving asphaltene aggregation.!'!!
Gray and co-workers found that even a low concentration of water leads to dimerization of 38 in
chloroform.!''*] Computational methods suggested that a water-bridged dimer had assembled,
hydrogen bonding to two nitrogen atoms and supported by associative n-w interactions. Theoretical
investigations suggest that hydrogen-bonding, rather than m-m interactions, drives the dimer
formation.!!''®!'7] This aggregation study can be interpreted to indicate that an accumulation of

individually modest associative interactions is likely responsible for the irreversible aggregation

characteristic of asphaltenes.!'!]

1.7. Advanced synthetic methodology for archipelago model compounds

To build on this design, Tykwinski, Stryker, and co-workers reported an efficient and more general
strategy for the synthesis of three-island model compounds, broadly varying the central aromatic
system (Eq. 1-2). Palladium-catalyzed Sonogashira alkynylation!''®! followed by catalytic
hydrogenation of the internal bis(alkyne) provided a range of two-carbon tethered archipelago

compounds in high yields./*¥
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1. PACl,(PPhy),, Cul
THF, i-Pr,NH 41 (85%)
2. H,, Pd/C, THF

39 40

Major side-product

Equation 1-2. Sonogashira coupling/catalytic hydrogenation forming three-island/two-island
compounds.[®4

Unfortunately, the methodology is flawed and not general. Two-island by-products are obtained
from competitive alkyne homo-coupling 42, requiring chromatographic separation.!''”) More
importantly, catalytic hydrogention of the internal alkynes becomes less selective as the size of the
aromatic system increases. The transition metal, binding competitively to the extended n-surfaces,
leads to kinetically competitive hydrogenation of the arene core. In addition, the activation energy
for the arene hydrogenation is influenced by the change in aromaticity during the reaction. In
extended (not “large*) m-systems, the overall change in aromaticity may be enthalpically favorable,

although this 1s not always the case.

To avoid the challenges associated with alkynylation/hydrogenation, the Stryker group developed
an alternative synthetic strategy, making use of simple Kumada-type nickel-catalyzed cross-
coupling reactions. Begining with a cobalt-catalyzed arylation of a,w-bromochloroalkanes, I

synthesized 9-(4-chlorobutyl)phenanthrene 45 cleanly from 9-bromophenanthrene and 1-bromo-

[120

4-chlorobutane on a 20 g scale.l?°! Then, using this compound, Colin Diner implemented the
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nickel-catalyzed cross-coupling!!?!-12%!

to make a series of pyrene- and phenanthrene-based
archipelago model compounds comprising two-, three-, four-, and five-island aromatic systems.
The archipelago compounds were prepared on gram scale and purified without the use of
chromatography (Scheme. 1-4).1>)1 Also synthesized were analogous 4-N-butylcarbazole

derivatives, incorporating non-basic nitrogen heterocycles also known to be present in the

asphaltenes.

O 1. Mg® (1.1 equiv) O
Br THF, 80 °C, 16 h Cl
Br\/\/\
SR
2. Co(acac); (5 mol%)
O 44 TMEDA, THF O
80°C, 16 h

43 45 (71%)

1. Mg® (1.1 equiv)
O anisole, 160 °C, 12 h
Cl
O 2.1,3,6,8,-Bry-pyrene 19 (1/6 equiv)
O (dppe)NiCl, (5 mol%), dioxane

160 °C, 48 h

45

©\ P 47 (80%)
dppe = l

46

Scheme 1-4. Multi-island synthesis of archipelago models.[!2%:12]

The high symmetry of this series is not representative of asphaltene constituents. Thus, a new

generation of model compounds were designed, adapting and extending a known multicomponent
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cyclocondensation reaction!'?*! to synthesize lower-symmetry model compounds containing basic
nitrogen heterocycles. Tykwinski and co-workers initially resorted to a two-step procedure,
combining B-naphthylamine 48 and an aromatic aldehyde to afford imines 49a-d, which were
subsequently treated with 5-a-chlolestanone 51 (Scheme 1-5) to complete the
cyclocondensation.l'”! The product, fused naphthenic benzoquinoline 52, represents an
unmodeled class of highly unsymmetrical continental-like compounds. This product features a
strongly basic quinoline-core fused to an extensive, conformationally rigid, hydrophobic region of

steroid-derived chirality. Unfortunately, the yields were unacceptably low.

(0]
49a-d reflux, 16h
48 50a-d (38-69%)
R=a) C¢Hjs
b) pyrene
¢) 1-napthyl
d) 2-napthyl

HCI, EtOH
reflux, 16h

52a-d (22-39%)

Scheme 1-5. Stepwise synthesis of fused naphthenic benzoquinolines.

An efficient one-pot MCR version of the cyclocondensation process was developed by Tykwinski,
Stryker, and co-workers, exploiting the I>-catalyzed procedure reported by Wang and co-workers.
Adapting this process to accommodate our targets required considerable modification (Eq. 1-
3).[124126] The reaction proved to be highly concentration-dependent and sensitive to water

concentration, a necessary additive not recognized in published work. Following re-optimization,
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the one-pot cyclocondensation of 2-aminoanthracene 53, an aromatic aldehyde 49a-¢, and
commercial 5-a-chlolestanone 51 was used to synthesize a library of naphthenic

[125.126] Having succeeded in the synthesis of high molecular

benzonaphthoquinoline compounds.
weight nonplanar continental structures, Stryker and co-workers next optimized the MCR

methodology for convergent synthesis of three-island archipelago model compounds. This work

features prominently in this thesis and is discussed at length in Chapters 3 and 4.

0]
NH, )L L,, H,0
+ R H +
8 THF
53 49a-d H
R=a) CcHs 51
b) pyrene 54a-c (43-52%)
¢) l-napthyl

Equation 1-3. MCR synthesis of the 5-a-cholestanone quinoline model compounds.

In addition to steroidal components, other “biomarker residues” have been incorporated into

synthetic model compounds; such fragments are relatively abundant in authentic asphaltenes.?”]

With complex structures reflecting their biological origin, biomarker analysis is used to identify

1281291 Many structural classes of biomarkers have been

the geographic source of the material.!
identified in natural asphaltenes, including chiral pernaphthenic arrays (terpanes, steranes),

branched poly-isoprenoid segments, and heteroatom-rich metallated porphyrin derivatives (Figure

1_14)'[127,1297132]
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57

Figure 1-14. Selected biomarker components identified in fossil fuels: tricyclic terpane, (left top),
hopane-type pentacyclic triterpane (left bottom), vanadyl-ethioporphyrin III (middle), and sterane
(right).[13%]

Tykwinski and co-workers expanded the MCR scope, preparing densely functionalized
porphyrinic compounds representative of both continental and archipelago systems.[!**]
Elaborating on the previously-reported naphthoquinoline aldehyde 59 and exploiting the Lindsey
porphyrin synthesis,['*] subsequent metallation afforded a unique, nonrigid porphyrinic

continental model compound 60 (Eq. 1-4). This protocol efficiently combines two biomarker

beacons into one elaborate, continental asphaltene model compound.

1. 5-phenyldipyrromethane
benzaldehyde, TFA, NEt;
CH,Cl,

2.DDQ

3. Ni(acac), PhMe

60 (9%)

Equation 1-4. Mixed biomarker model compounds.
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Archipelago-like porphyrin derivatives were also reported, incorporating m-arylalkyl substituents
(Eq. 1-5). Thus, for example, 4-(2-pyrenylethyl)benzaldehyde 61 was transformed into a mixture

of two- and three-island metallated porphyrins 63 and 64, in yields typical for porphyrin

[136]

assembly.

1. TFA, CH,Cl,, NEt3 \
then DDQ 63 (3%)

61 2. Ni(acac),, PhAME

CHO

64.1 cis/trans-isomeric 64.2
mixture (8%)

Equation 1-5. Synthesis of archipelago-like metalloporphyrins.

Limitations to Model Compound Synthesis

Initial asphaltene model compounds were simple to prepare (or purchase) and overly symmetric.
The infinitely complex asphaltene constituents are neither simple nor symmetric. Asphaltenes
contain a vast array of different compounds and large libraries of model compounds are required
to accurately represent the material. New asphaltene characterizations have demonstrated that

more elaborate compound design is required. However, the limitations of stepwise synthesis
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restrict the range of synthetic compounds needed to develop an accurate representation of

asphaltene.
Three specific developments were thus targeted to move the field forward:

o  Molecular weight range/target relevance — With recent advances in analytical
technology, very high molecular weight compounds incorporating multiple
heteroatoms have been identified in the asphaltene matrix. Such targets pose a very
significant synthetic challenge.

e Scale— For engineering studies related to industrial asphaltene processing, multi-gram
quantities of synthetic materials are required. Milligram-scale procedures do not
address the need.

e Novel synthetic methodology — New strategies and methodology must be introduced

or adapted to address the dearth of relevant asphaltene models in the current literature.

Research Objectives

The goal of my dissertation research was to develop new structurally relevant libraries of
archipelago model compounds. For this objective, our convergent MCR cyclocondensation was
modified substantially and re-optimized for the combination of two aliphatic aldehydes and a
range of substituted aniline derivatives, a procedure unexplored in the contemporary literature.
Identification of the active catalysts derived from iodine was pursued, along with mechanistic
investigations into the aerobic I'/I" redox cycle, which was identified for the first time. The

optimized procedure requires only limited chromatography.
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Experimental Section

Manipulations of air-sensitive materials were performed in a well-maintained Braun dry box (<1
ppm O2) under an atmosphere of prepurified nitrogen or, at larger scale, using standard Schlenk
techniques. Dioxane was distilled from sodium under nitrogen. THF was distilled from
sodium/benzophenone ketyl under nitrogen. All other solvents and reagents were used without

further drying or purification.

NMR spectra were recorded on Agilent/Varian instruments (500 MHz for '"H NMR) at ambient
temperature. Chemical shifts were referenced to residual solvent protium peaks (o in parts per
million (ppm) CHCI; 'H: 7.26 ppm). Coupling constants were assigned as observed. 'H NMR

coupling constants are rounded to nearest 1.0 Hz.

9-(4-Chlorobutyl)phenanthrene (45)

l ’

In a dry three-neck 150 mL RBF attached to a condenser fitted to a nitrogen inlet were placed
magnesium turnings (0.31 g, 13.0 mmol) and THF (12 mL). Ethylene bromide (48 puL, 0.6 mmol)
was added and the mixture heated to reflux for 1 h. The reaction mixture was cooled to rt, and 9-
bromophenanthrene (3.04 g, 11.8 mmol) in THF (12 mL) was added. The reaction mixture was
heated to reflux overnight and then cooled to rt. Into a separate dry 250 mL three-neck RBF

attached to a condenser fitted to a nitrogen inlet was added Co(acac); (0.22 g, 0.62 mmol), THF

28



(6 mL), TMEDA (90 pL, 0.60 mmol) and 4-chlorobromobutane (1.34 mL, 11.6 mmol). The
solution was cooled to 0 °C in an ice bath, and the mixture of 9-phenanthrylmagnesium bromide
was cannula transferred into the reaction flask. After 4 h at 0 °C, the solution was heated to reflux
overnight, cooled to rt, and quenched with 1 M HCI (100 mL). The mixture was washed with 50
mL of ether and the phases were separated. The organic layer was washed with brine (50 mL) and
dried over Na>xSOs. The solution was filtered, and the solvent was removed under reduced pressure.
The resulting crude product was recrystalized in hot 2-propanol to afford an off-white solid 2.25

g (71%).

'H NMR (CDCls, 500 MHz): 5 8.76 (dd, J= 10.0, 2.0 Hz, 1H), 8.67 (d, J= 9.0 Hz, 1H), 8.11 (dd,
J=17.0,3.0 Hz, 1H), 7.85 (dd, J = 7.0, 2.0 Hz, 1H), 7.57-7.70 (m, 5H), 3.63 (t, J = 6.0 Hz, 2H),

3.18 (t,J= 7.0 Hz, 2H), 1.98 (m, 4H).

Full characterization of the compound is found in Colin Diner’s Thesis as well as the JOC
publication titled “Scalable, Chromatography-free synthesis of alkyl-tethered pyrene-based

materials. Application to first-generation "archipelago model" asphaltene compounds.” 1231371
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2. Synthetic Approaches to Quinoline Derivatives

General Introduction to Nitrogen Heterocycles
Organic heterocycles are a large, important class of molecules, comprising more than half of all

(138.139] Heterocycles differ from carbocyclic compounds in that they contain

organic compounds.
at least one non-carbon atom in the ring, with nitrogen, oxygen, and sulfur being the most
commonly encountered heteroatoms.['**!4!l While inorganic molecules, such as borazine 65,
strictly meet the definition of heterocycles, this discussion is limited to organic heterocycles such

as pyridine 67, which feature carbon atoms along with one or more heteroatom(s) in the ring

system (Figure 2_1).[138,140]

!
H. ._.B.__H
NN ) ®
e B ~ e B ~ /
H ITI H N
H
65 66 67
Inorganic Carbocyclic Organic
Heterocycle Compound Heterocycle

Figure 2-1. Cyclic compound classification, with representative examples.

Heterocycles, particularly those containing nitrogen, are ubiquitous in nature and featured in many
synthetic and natural bioactive molecules. Heterocycles are found in important biomolecules such
as DNA (purine 68 and pyrimidine 69 bases), RNA, vitamins etc. (Figure 2-2).[1*>1%] In addition

0[1447146

many therapeutic compounds, e.g. antimalarial compound 7 I and antibacterial compound

71,1147-1301 contain one or more heterocycles.
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Examples of natural occurring heterocycles

68
Purine Pyrimidine
Examples of synthetic heterocycles

HO/,' N HO "/N N\ Cl COOE

H H '
X X ~ 0 = SN NH,
— —
N~ CF, N~ CF, O XN | SN
CF; CF; =
70a 70b 71

Antimalarial Antibacterial
(mefloquine)

Figure 2-2 Select examples of azaheterocyclic derivatives capable of therapeutic
purposes.[1#4147.151]

The most common nitrogen heterocycles are pyrroles 72, pyridines 67, pyrimidines 69 and fused-
ring analogues, including quinolines 73, benzo[/]quinolines 7, and isoquinolines 75 (Figure 2-3).
This dissertation focuses almost entirely on quinoline derivatives because of their pertinence to
modeling asphaltene behaviour (Section 1.2). As previously discussed in Chapter 1, most of the
nitrogen containing molecules found in asphaltenes are pyrrolic 72, however, pyridine and
quinoline based compounds are believed to represent most of the remaining nitrogen

heterocycles.[ 315254371

N
67 69

H
o, O O
/ = 7
=

72

Pyrrole Pyridine Pyrimidine Quinoline Benzo|/]quinoline Isoquinoline

Figure 2-3. Nitrogen cores typically found in natural and unnatural products.
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Quinoline is comprised of two fused six-membered rings, one unsubstituted and one substituted
with a nitrogen. Quinolines are alternatively referred to as “benzopyridine”. Isoquinolines also
share this basic structure, but the rings are fused at the distal positions (Figure 2-3). While the
simple quinoline molecule has only a few uses, derivatives decorated by alkyl and functionalized
substituents in diverse substitution patterns are attractive synthetic targets for many applications,

in many research areas.

2.1. Substituted quinoline heterocycles: a little nomenclature

The diversity and complexity of the quinolines, and indeed all organic heterocycles, necessitates a
well-established set of nomenclature rules. For brevity, only a limited subset of these rules is
necessary for this discussion. The simplest quinolines are named as if the benzene and pyridine
rings were separate molecules (Figure 2-4 (a)), with the least-saturated heterocyclic system
(pyridine in this case) deemed the parent compound. The fusing ring (‘benzene’ in this case) is
denoted by a prefix (e.g. benzo-), and the position at which the two rings fuse is indicated by an
italic letter: a, b, ¢, etc. Thus compound 73, the simplest quinoline molecule, is properly termed

152153 For substituted or polycyclic quinolines, the entire

benzo[b]pyridine (Figure 2-4 (a)).!
quinoline-core is treated as the ‘the least-saturated heterocyclic’ parent ring, but the same
numbering and lettering patterns for pyridine are still used. Thus compound 7 is a
benzo[/]quinoline (Figure 2-4 (b)), indicating that the benzene ring is fused to the quinoline-core
at the ‘4’ position. The location of alkyl and other substituents on the quinoline-core is indicated
by a number, taking care that the nitrogen atom of the quinoline is assigned position 1 and that the

lowest possible numbering is assigned for the substituents (e.g., 6-bromo-2,3-dimethylquinoline

75, Figure 2-4 (c)). While the compounds used for this illustration (Figure 2-4) are relatively
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simple, the naming convention is successfully used to describe much more complex molecules

bearing the quinoline-core, and several such examples arise later in this discussion.

N
A~
[

[o) (O]
—Z
Q\r\ /

Sy

S

(9] [®))

Q

(@)

benzo[Ah]quinoline

(b)

75
6-bromo-2,3-dimethylquinoline

(©)

Figure 2-4. Examples for nomenclature rules for naming heterocycles.

4
67 66
N
A
| benzo[b]pyridine
= (Quinoline)
73
2.2.

Classical strategies for quinoline synthesis

The most important synthetic methods for preparing quinolines include many long-standing name

reactions, including the Skraup,!!**!5%! Doebner-von Miller, !> Conrad-Limpach,!'*”) Combes,|

158]

Pfitzinger, > and Povarov reactions,'%%1®!] as summarized in Scheme 2-1 and discussed briefly

below.
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Skraup

OH
+ HO\)\/OH
77
NH
Povarov 2 Doebner-von Miller
76 H,S0, o
3 FeSO, 72
R nitrobenzene +
+ J|/ 250 °C zHg ¥
ntl
Nﬁ RZ NHZ R

84 Lewis acid 250 °C
R! 76

KOH 3
Pfitzinger EtOH
0] reflux H,S0, Conrad-Limpach
(0] O 0]
250 °C
0 + R?
N RIJJ\/ i RI O/R3
H 82 R?
81 Combes NH,
0] (0] 76 79
+ RIJJ\/U\RZ
R! R2R3= Substitution pattern will depend on 80

T the starting materials NH,

76

Scheme 2-1. Traditional quinoline synthesis.

The first quinoline synthesis was published by Skraup in 1880. The reaction is the acid-catalyzed
condensation of aniline and glycerol.!!3*!3%! In this process, the sulfuric acid catalyzes dehydration
of the glycerol to give acrolein, which undergoes conjugate addition in the presence of aniline to
form 86 (Scheme 2-2). Cyclization to 87, followed by elimination of water and subsequent
oxidation, provides quinoline 73. Nitrobenzene or other nitro-aromatic compounds act as both
solvent and oxidant; however, reaction temperatures of ~250 °C presents a high risk of exotherm.
To temper the rate of the reaction and avoid an exotherm, an oxidant such as ferrous sulfate is

added.'616%]
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HzSO4, FeSO4

™ itrob N
N HO\)\/OH nitrobenzene ©\/j
250 °C N/
77
NH, 73

76

OH
Ho._A_on m’ HOV\ @ — -H20 ©\/j

N

77 H
®

86 87

Scheme 2-2. Skraup reaction and mechanism.

The Doebner-von Miller reaction is an adaptation of the Skraup reaction. Aqueous HCl is used as
solvent, replacing the nitro-aromatic compounds. Additional Lewis acid is required, typically
using ZnCl, to promote conjugate addition and condensation of the aniline and acrolein.[1°6164]
The mechanism of the Doebner-von Miller reaction is the same as the Skraup mechanism, except
for the direct addition of acrolein to the reaction mixture (Eq. 2-1). This reaction is a minor
improvement on the Skraup procedure, but unfortunately it does not address the synthesis of more

complicated systems.

© . ((/O HCI, ZnCl, m

y 250 °C N R

NH, R 88
76 78

R= Functionality will depend on the starting materials

Equation 2-1. Doebner-von Miller quinoline synthesis.
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Two closely related quinoline syntheses address the issue of functionalization. The Conrad-

Limpach and the Combes syntheses are acid-catalyzed cyclocondensation reactions involving a -

ketoester 79 or B-diketone 80, respectively (Scheme 2-3).

OH

Conrad-Limpach
(¢} 0]
R! o—Rs
R2
79

A/

R!
920

Scheme 2-3. Conrad-Limpach and Combes quinoline synthesis.

H,S0,, 250 °C

R3
O/
R2
0
~
N~ "R!
89

NH,
76

[157,158]

Combes

o O

Rl

80

R2

H,S0,, 250 °C

91

@N ﬁm

Rl

RZ

\

92

The difference in substitution patterns obtained from the Conrad-Limpach and Combes syntheses

is a result of the difference in the corresponding substrates. In the Conrad-Limpach reaction, the

aniline reacts with the ketone of the B-ketoester to form a Schiff base 89. The intermediate then

undergoes condensation and rearomatization to provide the 2,3-disubstituted 4-hydroxyquinoline

90 (Scheme 2-3).116>1661 [n contrast, the Combes synthesis provides the 2,4-disubstituted quinoline,

with the R-groups of the B-diketone dictating a preferential attack at one of the two carbonyl

groups, giving Schiff base 91. This intermediate then undergoes condensation and rearomatization

to provide quinoline 92 (Scheme 2-3).'7! Unfortunately, both Conrad-Limpach and Combes

syntheses still require harsh reaction conditions.
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The Pfitzinger synthesis addressed the need for milder reaction conditions, as well as enhanced
functionality in the quinoline product. In this process, isatin 81 reacts with ketone 82 in the

159} affording 2,3-disubstituted quinoline-4-carboxylic acids 93 (Scheme 2-

presence of base,
4) 11681891 Here, isatin first hydrolyzes to the 2-aminophenyl keto-acid 94, which condenses with
an equivalent of the ketone, generating an imine. Intramolecular cyclocondensation between the
enamine tautomer and the keto-acid generates the 2,3-disubstituted quinoline-4-carboxylic acid 93

(Scheme 2-4).['%%191 This is a reliable reaction, but the scope is limited and, in the event that

carboxylic acids are not desired, an efficient alternative is needed.

COOH
R2
J\/ KOH/EtOH N
reflux N/ Rl
93

Rl, R?=Functionality will depend on the starting materials

COOH COOH

0 0
2
o) 0 R
B -H,0 AN
PRTECR  Jw e o,

N OH R! N” O R!

H NH, 82

81 94

RrL\/RZ 93
95

Scheme 2-4. Pfitzinger reaction.

The Povarov reaction, in contrast, is a powerful synthetic tool for quinoline synthesis, providing
access to highly-substituted tetrahydroquinolines under very mild catalytic conditions.!7"!
Fundamentally, the Povarov reaction is an inverse-demand Diels-Alder cycloaddition of an N-

arylimine and an electron-rich olefin. The preformed N-arylimine 83 serves as the heterodiene,

which undergoes a [4+2] cycloaddition with an electron-rich dienophile (84; typically, an enol
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ether or enamine) to form the quinoline directly (top, Scheme 2-5).1'!! The reaction can be
promoted by the coordination of a Lewis acid, giving a more electron-deficient diene, 97. The
Povarov reaction is particularly pertinent to this discussion because the two-step sequence can be

performed as a single multicomponent reaction.

R3
R’ o R?
Lewis acid (LA) _ N o
+ | _ Examples of Lewis acids:
Nﬁ R? N R! BF;-OEt,
96 Yb(OT)
83
R!, R%, R3= Functionality will depend on the starting materials
R3
0 imine R3 R2
J]\ formation [ [4+2] N
+ —_— | —_
NH, O R LA S R? N7 R
: 49 3 1
76 RY 84 96

97

Scheme 2-5. Povarov quinoline synthesis.

Multicomponent Reactions — A General Introduction

Multicomponent reactions (MCR) are one-pot procedures, typically involving three or more
starting materials that are combined into a single product. A synthesis is deemed to be an MCR if
the reaction mixture contains all of the components at the outset.['”!] Multicomponent reactions
hold several advantages over traditional sequential synthesis: high atom economy, efficiency (in
time and energy), and lower environmental impact as a result of reduced solvent use.[!””]

Furthermore, this is an attractive methodology because it allows for isolation of complex “final”

products without the need to purify an intermediate.
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Many different reactions meet these criteria and are classified as MCRs - the scientific literature
is replete with examples. The first generally acknowledged MCR was published by Strecker in
1850, which produces an a-amino nitrile from a mixture of aldehyde, ammonia, and hydrogen
cyanide.l'’>!7*) Among the most widely known and broadly used MCR is the Ugi reaction, which
combines equimolar aldehyde 49, amine 98, isonitrile 99, and carboxylic acid 100 to afford

amidoamide 101 (Eq. 2-2).117

o) o) o R? II{
2.
RlJJ\H + R NH, + CN-R3 + R4JJ\OH R4JJ\N)\H/N\R3
1
49 98 99 100 R! O
101

R!, R%, R3, R* = Generic functionalites based on the starting material

Equation 2-2. Ugi 4-component MCR.

Fogg and dos Santos provide useful distinctions among the major sub-categories of one-pot

s.l'76] Domino/cascade, tandem, and multi-catalytic reactions are all defined as one-pot

reaction
reactions, differentiated by specific reaction details. In the domino/cascade and tandem reactions,
all the starting materials and catalysts are added at once. The reaction proceeds iteratively from
intermediate to intermediate until the final product is obtained (Figure 2-5).'7617") In multi-
catalytic reactions, all of the starting materials are present, but to avoid catalyst incompatibility,
the catalysts are added sequentially throughout the reaction. The first catalyst is added to give an
intermediate, and once formed, a second catalyst is introduced to give the final product (Figure 2-
5).1176178] For this discussion, I will focus on the domino/cascade subset of multicomponent

cyclocondensation reactions putatively catalyzed by molecular iodine, which are particularly

relevant to this dissertation.
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Cat1

A+B+D W E Domino/cascade and tandem reactions
Cat1 Cat 2

A+B+D —— C+D — E  Multi-catalytic

Figure 2-5. Multi-catalytic vs. domino/cascade and tandem one-pot reactions.

Molecular iodine is widely used to catalyze the cyclocondensation MCRs, nominally as a Lewis
acid catalyst, because it is inexpensive and reasonably non-toxic.!!”’! Further, iodine is tolerant of

s.18% Jodine catalysis is

air and moisture, and can be easily separated from reaction mixture
featured in a plethora of nitrogen heterocycle syntheses; in particular, those reactions involving an

imine intermediate en-route to tetrahydroquinolines and quinolines, all of which have a substantial

history (Sections 2.3. and 2.4.).1!81]

2.3. MCR synthesis of tetrahydroquinolines by iodine catalysis

Tetrahydroquinolines are widely studied, comprising a common substructure of important natural

182

products and synthetic compounds.!'32] While various catalytic procedures have been used to

prepare tetrahydroquinolines,!143-161:182-183]

many report the use of catalytic iodine as
optimal [180-18LI86-189) Ty 2006, Li and co-workers prepared tetrahydroquinolines via the iodine-
catalyzed imino-Diels-Alder reaction of preformed imines with enol ethers (Eq. 2-3).['8") This is
the first example of an iodine-promoted reaction for the synthesis of a tetrahydroquinoline. The

reaction was rudimentary, requiring a preformed imine, and the yields of tetrahydroquinoline were

poor to moderate.
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Ph
k 0 0
R Ol 1, (15 mol%)
+ E} : ~ R R
R CH,Cl,, rt(; 12 h N Ph N~ “Ph
103 35-74 % H H
102 104.1 104.2
cis trans
R=a)H cis/trans
b) 2-OMe a) 32/68
¢) 4-OMe b) 21/79
d) 4-NO, c) 47/53
d) 4/96

Equation 2-3. Imino Diels-Alder reaction of tetrahydroquinolines catalyzed by iodine.

A more efficient variant of Li’s tetrahydroquinoline synthesis was subsequently reported by Lin
and co-workers. High yields of tetrahydroquinolines were obtained in as little as five minutes,
starting with an aniline and two equivalents of pyran 106 (Eq. 2-4).'%¢! In this reaction N-
alkylimine 108, generated in sifu, undergoes an aza-Diels-Alder reaction with the second

equivalent of pyran, affording tetrahydroquinoline derivatives 107.1 and 107.2.

NH, ) Q/ﬁ
0 R R e
N @ I2 (20 mOI%) - + \@L\/\
CH,Cl,, rt,OS min N OH N OH
R 2 equiv 72-93% H H
105 106 107.1 107.2
endo €xo
R=a)H endolexo
b) F a) 34/66
¢) Cl Ny ~_~_-OH b) 64/36
d) Me ¢) 30/70
©)OMe |, d) 34/66
f) OEt 108 e) 33/67
Imine intermediate f) 42/58

formed in situ

Equation 2-4. A highly efficient domino reaction to synthesize 1,2,3,4- tetrahydroquinoline
derivatives.
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Rai and co-workers extended Lin’s method by incorporating aldehydes instead of enol ethers,

allowing for substituent variability in the 2-position of tetrahydroquinolines (Eq. 2-5).[!%]

NH,
(0] (0]
0,
N N | I, (30 mol%)

H CH;CN, 1t
30-45 min

R 106

109

57-76 %
105 110 111
i /t
R=a)H endofcis cis/trans exortans
e) OMe a) 28/72
g) n-butyl e)) i;ﬁ;
_ g
h) #-butyl h) 33/77
i) CF3 i) 35/65

Equation 2-5. Aza-Diels-Alder Povarov synthesis of tetrahydroquinolines.[!®”]

In this Povarov-type MCR, the N-alkylimine is formed in sifu from aniline and an aliphatic
aldehyde before undergoing cyclization with the enol ether. Before this report, Povarov MCRs
were limited to aromatic aldehydes, because N-alkylimines are hydrolytically unstable and
comparatively reactive. The incorporation of aliphatic aldehydes allows for greater diversity in
benzoquinoline substituents, but more importantly, suggests that additional aromatic cores could

be readily fethered to the central quinoline, separated by an arbitrary number of carbon atoms

(Figure 2-6).
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Figure 2-6. Fictitious example of a potential two-island archipelago model asphaltene.

The amount of iodine required to catalyze the aza-Diels-Alder reaction can be lowered
substantially by using elevated reaction temperatures. Wang and co-workers showed that only five
mol% of I, is required when the reaction mixture is heated to 65 °C, compared to the 15-30 mol%
catalyst needed at room temperature. Higher reaction temperature also led to greater yields of
tetrahydroquinolines. Under these ‘optimized’ reaction conditions, functionalized polycycles such
as 114 were readily incorporated into the tetrahydroquinoline core (Scheme 2-6), leading to
compounds that more closely resemble natural products as well as the ‘central islands’ of interest

for model asphaltene compounds.[1°%191]
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NH,
)J\ Q l2 (5 mol%) Benzo(naphtho)quinoline derivatives
THE, 65 °C

R =a) C¢H;
e) 3-BrC¢H,
f) 2-thienyl
g) 4-MeOC4H,

)J\ I, (5 mol%) Et—N
—»
U THF, 65 °C

113 (78-93%)

Alkaloid derivatives

103/106 N~ R
n=1,2 H
114 115 (75-88%)
R = h) 4-FC6H4
1) 4-BrC6H4

J) 4-0,NCgH,
k) 4-MeOC(,H4
1) 4-CH,CH,

Scheme 2-6. Efficient synthesis of benzo(naphtho)quinoline and alkaloid derivatives.[?%-1°1]

2.4. Condensed quinolines — extended quinoline-core compounds

Fundamentally, the synthesis of quinolines by iodine-catalyzed MCR cyclocondensation is very
similar to that of tetrahydroquinolines, with the significant addition of an oxidative aromatization
to the reaction mechanism. Both reactions begin by imine formation from the aniline and aldehyde.
The enol tautomer of the second aldehyde (or ketone) undergoes what is effectively an aza-Diels-
Alder reaction, although it may proceed via a stepwise mechanism under some conditions. The
intermediate alcohol 120 is key to the formation of quinoline: elimination affords dihydroquinoline
121, which then aromatizes under aerobic conditions to give the quinoline compound 122 (Scheme
2-7).11801 Molecular oxygen is posited to be the oxidant, but this conclusion is not, as it turns out,
entirely accurate. This, among other questions, is addressed in detail in Chapter 3 and 4. In prior

work, it is generally accepted that I functions as a mild Lewis acid catalyst by activating the imine
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towards nucleophilic attack; however, our results show that the role of iodine is considerably more

complicated, and nuanced.

)
12 0,

o ,  118/119 HO )
xR n=12 n
- ©/ Rl .
N

H

120
HZO

122 121

R!, R? = Functionality depends on the starting material

Scheme 2-7. Proposed (literature) mechanism for iodine-catalyzed MCR quinoline synthesis.['3"!

Iodine-catalyzed MCR methodology is well documented by now, but Wang’s 2008 report,
describing the convergent formation of large polycyclic quinolines from aromatic aldehydes,
aromatic amines, and ketones, is particularly relevant to our objectives.!'>*I The adducts reported
by Wang, for example cyclopenta[c]naphtho[2,3-f]quinoline derivatives 123 (Eq. 2-6),!%*!
resemble continental-like asphaltene model compounds of interest to our collaborators. Wang’s
choice of reagents for this MCR is deliberate; aromatic aldehydes do not enolize and condense
more rapidly with the aniline, giving a hydrolytically stable N-arylimine. This imine cyclizes with

the only available enol, in equilibrium with the ketone.
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() r
0 “ 3
0
QO™ - A O e OO
+ +
R™ H THF, 66 °C, 12-18 h
97
)

53 118 123 (78-90%

R=¢)3-BrC4H,  n)3-CIC¢H,
g) 4-MeOC4H, 0) 2-CIC4H,
h) 4-FC¢H, p) 3,4-C1,C¢Hs,
i) 4-BrC(H,  q) 3,4-(MeO),C¢Hs
1) 4-CH3CH, 1) 2-BrCgH,
m) 3-MeOC4H, s) 2,3-Cl,C¢Hs;

Equation 2-6. Synthesis of cyclopenta[c]naphtho[2,3-f]quinoline derivatives.[!*%

Tykwinski and co-workers adapted Wang’s MCR procedure to synthesize several quinoline-based
model asphaltenes;!>*12l however, several challenges arose during the course of this work. The
reactions were irreproducible under strictly anhydrous conditions and particularly problematic for
polycyclic anilines and some cyclic ketones. They were particularly interested in incorporating the
cyclic ketone steriod biomarker 5-a-cholestanone into the molecules because it is an identifying

feature of large hopane molecules, found in heavy crude oil (Figure 2-7).1!27]

125

Figure 2-7. Suggested steriod fused biomarker molecules identifed in heavy crude oil.'?”]
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Reproducible results were only obtained by conducting the reaction in two independent steps,
using Kozlov’s procedures, with tedious isolation of the imine intermediate, 50a, resulting in poor
yields of the desired cycloadducts (Scheme 2-8).11>>] These issues led us to reoptimize the MCR

procedure, with special emphasis on determining the identity of the active catalyst.

0} :
N

OO NHZ H Dean-Stark trap OO N

+

PhMe, 110 °C, 16 h

48 49 a 50 a (69%)

HCI

EtOH, 90 °C
16h

522 (27%)

Scheme 2-8. Two-step procedure of steroid-derived naphthoquinolines.

Given the obvious limitations of the two-step approach to steriod-derived napthoqginolines, we
sought to apply the MCR protocol, based on Wang’s procedure,!'?*! to prepare a small library of
steroid-derived napthoquinoline asphaltene model compounds (Eq. 2-7). This effort was led by
Matthias Schulze, a collaborator from the Tykwinski group. In this reaction, cyclohexanone was
replaced by 5-a-cholestanone and a number of compounds were synthesized, in disappointingly

low to moderate yields.
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I, (5 mol%)

THF, 66 °C
5d

NH,
S

53

54 a-c,e,t-v (26-53%)

R =a) C4H;
b) pyrene

51

¢) l-napthyl

e) 3-BrC4Hy

t) 4-"butyl-CcHy
u) 2-thiophene

v) 2-furan

Equation 2-7. Steroid-derived multicomponent reaction.

To improve the product yields, I began by assessing the role of water in the multicomponent
reaction. To do this, the combination of 2-aminoanthracene 53, 3-bromobenzaldehyde 49e, and

cyclohexanone 119 was used as the model reaction for this optimization (Eq. 2-8).

0 0
NH I, (5 mol%)
2 N Ho H,0 (10-200 mol%)
THEF, 66 °C, 36 h

49 e

126 (40-88%)

Equation 2-8. Stryker and co-workers MCR conditions for determination of the optimal H.O
content.!!2¢]

When run under rigorously anhydrous conditions, or even using HPLC-grade THF, the isolated
yields of quinoline varied significantly (7-65%). However, using reagent-grade THF, which
contains < 0.05% residual water, higher yields and more reproducible results were obtained (Table
2-1). I conducted several reactions with varying amounts of water added to a known volume (6

mL) of anhydrous THF (distilled from Na under inert atmosphere) and from this determined that
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the water to solvent ratio required to achieve high and consistent yields was roughly 150 mol%
(Table 2-1, entry 4). Adding additional water, at least up to 200 mol%, had a negligible effect on
the yield of the product. It is possible that increasing the water concentration beyond 200 mol%

may impede the reaction, but this was not tested.

Table 2-1. Screening the effect of water concentration in the synthesis of napthoquinolines.

Entry H:20 content (mol%) Yield (%)
1 10 40
2 27 44
3 75 55
4 150 88
5 200 85

Reactions were performed in refluxing dry, degassed THF (6 mL) with catalytic I, (5§ mol%) for 12 h under a N»-
atmosphere, followed by an additional stir period of 24 h open to air. In all cases the amine, aldehyde and ketone were
ina 1:1:1 stoichiometric mixture.

From well-established precedent, hydroiodic acid (HI), formed in situ from the reaction of iodine
with water,!!”*! became the obvious catalyst candidate. To confirm this hypothesis, I used aqueous
HI (57%) as the catalyst instead of the I»/H>O mixture, and obtained identical results (Table 2-2,
compare entries 1 and 2). Surprisingly, the iodide counterion proved to be equally essential. No
more than 10% product was isolated when other Bronsted acids, such as HCI and H>SO4, were
used under otherwise identical conditions (Table 2-2). These results show that iodine is a

precatalyst and that iodide is intimately involved in the reaction mechanism. The precise role (or

roles) of the iodide counterion is discussed in detail in subsequent chapters.
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Table 2-2. Bronsted acid catalyst screening, using identical water concentration, to evaluate the
MCR.

Entry Catalyst H20 (mol%) Yield (%)
1 HI 27 43
2 I 27 44
3 HCI 27 10
42 H>SOq4 27 trace

Reactions were performed in refluxing dry, degassed THF for 12 h under a N»-atmosphere, followed by an additional
stir period of 24 h open to air. In all cases the amine, aldehyde and ketone were in a 1:1:1 stoichiometric mixture.
Amount of catalyst added is 5 mol% unless otherwise specified. *Amount of catalyst added is 2.5 mol%.

Following the optimization for catalyst and water, Matthias Schulze adopted my procedures and
repeated the initial MCR with 5-a-cholestanone to synthesize the steroid-fused model compound
54e. The reaction was only performed once by Matthias Schulze, obtaining 54e (Eq. 2-9) in

improved yield, and it was anticipated that similar improvements in MCR yield and reproducibility

would be universally realized.

[0}

I, (5§ mol%)
oo ! Ery
+ + —_—
THE, 66 °C
5d

53 Br

51
54 e (60%)

Equation 2-9. Re-evaluation of MCR yield for steroid-derived napthoquinoline.

With an optimized procedure in hand, I envisioned that an extensive library of quinoline-based

archipelago compounds could be synthesized by extension of the Hl-catalyzed MCR. For this
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series, two equivalents of an alkyl-tethered a,m-aryl aldehyde must react with the substituted
aniline, a combination of components not previously reported (Eq. 2-10). It is worth noting that
very few examples of MCR quinoline syntheses incorporating two alkyl aldehydes have been
reported.[!84194196] Fyrthermore, no archipelago-type compounds have been prepared using this
methodology. The following chapters will detail the issues, challenges, and advances made in
adapting this MCR to prepare a range of archipelago model compounds. To accomplish this goal,
a substantial mechanistic investigation was conducted, resulting in iterative improvements in

reaction scope, selectivity, and yield.

NH, T
o R
X
R + H)K/\Ar - Z
N Ar
53/105/127 128 129
2equiv. phenanthrene or pyrene
NH2 NHZ NH2 NH2
eshehelsoon
127a 127b 1274 N
127 ¢
NHZ NHZ ‘I\IH2 NH2 NH2 NH2
127 e 127
/N\ Br OMe E
05 105 K 105 1051

Equation 2-10. Hypothetical MCR quinoline syntheses incorporating alkyl-tethered a,m-aryl
aldehyde aldehydes.
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Summary

The investigation of the identity and role of the active catalyst, as well as the optimal solvent and
water concentrations slowly emerged as a prominent vein of synthetic research in the Stryker
group. As described in the chapter, at the outset little was known about the mechanistic role of the
iodine; none of the early work on iodine-catalyzed MCRs addresses the nuances of catalyst
generation, regeneration, and overall reaction mechanism. In the subsequent chapters, the
mechanistic details of this catalytic reaction are interrogated experimentally and, for the most part,
defined. Optimization of temperature, solvent, and source of oxidant are determined, along with a
substantial extension of reaction scope, leading to the efficient synthesis of a new class of

quinoline-core archipelago model asphaltene compounds.

Experimental Section

All manipulations of air-sensitive materials were performed in a well-maintained Braun dry box
under an atmosphere of prepurified nitrogen or, on larger scale, using standard Schlenk
techniques. Dioxane was distilled from sodium under nitrogen. THF was distilled from
sodium/benzophenone ketyl, aslo under nitrogen. 2-Aminoanthracene, 3-bromobenzaldehyde,
cyclohexanone, I, aqueous HI (57 wt.%), aqueous HCl (37 wt.%), and H2SO4 (conc.) were
purchased from commercial sources and used as received. TLC analyses were performed using
0.5 mm analytical TLC plates from Macherey-Nagel (ALUGRAM® SIL G/UV2s4) and visualized
by using UV-light of 254 nm and/or 366 nm. For flash column chromatography, silica gel 60 M

(0.040-0.063 mm) from Macherey-Nagel was used.

NMR spectra were recorded on an Agilent/Varian instrument (400 MHz for "H NMR) at ambient

temperature. Chemical shifts were referenced to residual solvent protium peaks (0 in parts per
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million (ppm) CHCI; 'H: 7.26 ppm). Coupling constants were assigned as observed. 'H NMR

coupling constants are rounded to nearest 1.0 Hz.

Complete diagnostic data for compound 126 is found in a co-authored publication and in Matthias

Schulze’s Ph.D. dissertation.!'?%!°7] Here, only the 'H NMR spectrum is reported.

General procedure for screening the affect of water concentration in the synthesis of
napthoquinoline 126. [1>°)

I, (5 mol%)
NH 2
2 H,0 (10-200 mol%)
THF, 66 °C, 36 h

49e

126 (40-88%)

2-Aminoanthracene 53 (0.10 g, 0.52 mmol) was added to a dry 25 mL three-neck RBF flask and
purged three times with vacuum/nitrogen. 3-Bromobenzaldehyde 49e (96 mg, 60 pL, 0.52 mmol),
I> (6.6 mg, 0.026 mmol), dry/distilled THF (6 mL), and H>O (10-200 mol %), were sequentially
added and the mixture stirred for 1 h at rt under N> atmosphere. Cyclohexanone 119 (51 mg, 54
pL, 0.52 mmol) was then added, and the mixture stirred at reflux for 12 h under N2 atmosphere.
The reaction mixture was exposed to air and heating to reflux was continued for 24 h. The reaction
mixture was cooled to rt and the solvent was removed under reduced pressure. CH>Cl (100 mL)
and saturated Na,COs3 (100 mL) were added. The organic layer was separated, washed with
saturated Na>xCOs (2 x 100 mL), dried over Na>SOs, filtered, and the solvent was removed under

reduced pressure. The crude material was purified by column chromatography (hexanes followed
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by CH2Cl,) to give 5-(3-bromophenyl)-1,2,3,4-tetrahydro-naphtho[2,3-a]phenanthridine 126 as a

light tan powder (40—88%).

'H NMR (CDCl3, 400 MHz) § 9.12 (s, 1H), 8.33 (s, 1H), 8.09-8.00 (m, 2H), 7.89 (d, J = 9.0 Hz,
1H), 7.81 (d, J = 9.0 Hz, 1H), 7.75-7.74 (m, 1H), 7.60-7.56 (m, 3H), 7.49 (d, J = 8.0 Hz, 1H),

7.37 (t, J=8.0 Hz, 1H), 3.65 (t,J= 5.0 Hz, 2H), 2.86 (t, /= 6.0 Hz, 2H), 1.91-1.87 (m, 4H)

T2-1.1) 10 mol% H20. The general procedure was used, with 10 mol% H»O (0.90 uL), givin
( ) g p , ( uL), giving

phenanthridine 126 as a light tan powder, 0.91 g (40%).

(T2-1.2) 27 mol% H20. The general procedure was used, with 27 mol% H>O (2.50 pL), giving

phenanthridine 126 as a light tan powder 0.99 g (44%).

(T2-1.3) 75 mol% H20. The general procedure was used, with 75 mol% H>O (7.0 uL), giving

phenanthridine 126 as a light tan powder, 0.12 g (55%).

(T2-1.4) 150 mol% H:20. The general procedure was used, with 150 mol% H>O (14.0 uL), giving

phenanthridine 126 as a light tan powder, 0.20 g (88%).

(T2-1.5) 200 mol% H20. The general procedure was used, with 200 mol% H>O (19.0 uL), giving

phenanthridine 126 as a light tan powder, 0.19 g (85%).
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General procedure for Bronsted acid catalyst screening ['>°]

o 0
NH Cat. (5 mol%)
OOO 2 N Ho H,0 (27 mol%)
THF, 66 °C, 36 h

2-Aminoanthracene 53 (0.10 g, 0.52 mmol) was added to a dry 25 mL three-neck RBF flask and
purged three times with vacuum/nitrogen. 3-Bromobenzaldehyde 49e (96 mg, 60 pL, 0.52 mmol),
Bronsted acid (detailed below), dry/distilled THF (6 mL), and H>O (detailed below), were
sequentially added and the mixture stirred for 1 h at rt under N». Cyclohexanone 119 (51 mg, 54
pL, 0.52 mmol) was then added, and the mixture stirred at reflux for 12 h. The reaction mixture
was exposed to air and heating was continued for 24 h. The reaction mixture was cooled to rt and
the solvent was removed under reduced pressure. CH>Cl> (100 mL) and saturated Na>COs3 (100
mL) were added. The organic layer was separated, washed with saturated Na.COs (2 x 100 mL),
dried over NaSOq, filtered, and the solvent was removed under reduced pressure. The crude
material was purified by column chromatography (hexanes followed by CH2Cl>) to give 5-(3-

bromophenyl)-1,2,3,4-tetrahydro-naphtho[2,3-a]phenanthridine 126 as a light tan powder.

Because of the water content (amounting to 27 mol%) of commercially available HI, the necessary
amount of water was added to standardize the conditions for the reactions using other commercial

Bronsted acids.

55



Calculations for water addition as a function of Brensted acid water content

For the following catalysts, 2.6 x10~ mol of mineral acid was used.

Amount of water in HI (57%):

(2.585x10°> mol) x (127.91 g/mol) = (0.00331 g) / (0.57 weight %) = 0.0058 g of total solution
(0.0058 g) / (1.701 g/mL) = 0.00342 mL = 3.41 pL.

Total H>O concentration: (0.0058 g) x (0.43 weight %) = (0.00249 g) / (18.02 g/mol) = (1.38x10"
* mol) / (2.585x107° mol) = 5.35 mol of H20 for 1 mol HI = (5.35 mol H»0) x (5 mol %) = 26.7

mol% of H20

Additional water for I»:

(2.585x107° mol) x (253.8 g/mol) = 0.007 g of I,

H20: Add 2.49 pL

Additional water for H>S0,:

In this case, the catalyst loading is 2.5 mol% (1.293x10~ mol, 0.689 pL)

H20: Add 2.49 pL

Additional water for HCI:

(2.585x107° mol) x (36.46 g/mol) = (9.42x10* g) / (0.37 weight %) = 0.0026 g of total solution
(0.0026 g) / (1.2 g/mL) =0.00213 mL =2.13 pL

H,0: (0.0026 g) x (0.63 weight %) = 0.00161 g of H,O

56



0.00249 - 0.00161 = Add 0.88 pL.

(T2-2.1) The general procedure was used, HI (3.4 uL), giving phenanthridine 126 as a light tan

powder, 0.098 g (43%).

(T2-2.2) The general procedure was used, I> (6.6 mg, 0.026 mmol) and H>O (2.49 pL), giving

phenanthridine 126 as a light tan powder, 0.099 g (44%).

(T2-2.3) The general procedure was used, HCI (2.6 mg, 2.1 pL, 0.026 mmol) and H>O (0.88 uL),

giving phenanthridine 126 as a light tan powder, 0.022 g (10%).

(T2-2.4) The general procedure was used, H>SO4 (1.3 mg, 0.69 puL, 0.013 mmol) and H>O (2.49
uL), giving phenanthridine 126 as a light tan powder, proceeding to less than 50% conversion,

producing a low (unquantified) yield.
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3. Multicomponent Cyclocondensation for the Synthesis
of Quinoline-core Archipelago Compounds

The first publication incorporating two aliphatic aldehydes in an MCR cyclocondensation
appeared in 1909.!'%%1 The field lay dormant until 2006, when a more general MCR incorporating
two aliphatic aldehydes was described (Scheme 3-1, top).l!””! In this reaction, the N-alkylimine
131 presumably reacts with the enol tautomer of a second aldehyde, affording the dihydroquinoline

132, which undergoes aerobic oxidation (bottom, Scheme 3-1).[!’

Q L, (1 mol%) X CHis
+ JJ\/n—C7H15
NH, O C4Hg, 80°C N7 Gt
1054 129 0.5 h, air
2.3 equiv 130 (60%)

(0]

Jj\/n-C7H15

H
\@\ 127 \@\ 129 \@\/\/(l;@%s [0] \@\/\/(n;QHls
e B — e —
NH, NGt -H,0 T 1CrHis T CrHs
31

105d 1 132 130

Scheme 3-1. I>-catalyzed quinoline synthesis using two aliphatic aldehydes.

Until the present work, this reaction has remained relatively unexplored and unoptimized. The
substrate scope is narrow; only a few aliphatic aldehydes and simple anilines have been used.
While various catalysts, including Lewis acids and ionic liquids, have been explored (Scheme 3-
2), by far the simplest of the catalysts is HL[!819419] We sought to optimize the Wang MCR
conditions, focusing on the direct use of catalytic HI, to synthesize new archipelago-like model
asphaltene compounds. As will be discussed, this entailed further refinement of reaction

conditions, to suppress significant side-reactions.
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R (0] . R
0,
\©\ N JJ\/\/ BiCl; (10 mol%) m Kouznetsov et al.
H o
NH, CH;CN, 82 °C N/
105 133

6-8 h
134
R=b)F R=1) 70%
c)Cl c) 73%
d) Me d) 87%
e) CH;0 e) 88%
R (0] R
Cp,ZrCl, (10 mol% X
+ JJ\/\ P2 2 ) > Guo et al.
NH H DCM, 40 °C ~
2 h N
135 5
105 136
R=a)H R=2a)51%
c) Cl ¢) 52%
d) Me d) 60%
e) OMe e) 62%
k) Br k) 59%
m) NO, m) 20%

Scheme 3-2. Quinoline MCR using two aliphatic aldehydes.[!8+19]

MCR Advances: Three-island Archipelago Model Asphaltene Compounds

One of the benefits of the MCR strategy is that it can be implemented to prepare a broad range of
three-island archipelago model compounds. The MCR envisioned must proceed using two
equivalents of an alkyl-tethered o,w-aromatic aldehyde and a range of substituted aniline
derivatives (Eq. 3-1). Ideally, the MCR adduct should display two satellite polycyclic aromatic
islands tethered to a central quinoline-core by short (2-5 carbon) saturated alkyl chains.
Phenanthrene was used almost exclusively as the satellite polycyclic aromatic island for this
exploration. These archipelago molecules are of great interest to petroleum researchers, including
our collaborators at the Japan Petroleum Energy Center (JPEC), as models for benchmarking ICP-

MS analysis of native asphaltenes and assessing the aggregation behaviour of basic asphaltenes.
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5 —

53/105/127 128

Ar = phenanthrene or pyrene

Equation 3-1. Synthetic approach to new three-island archipelago model compounds.

Several synthetic challenges are involved in adapting the MCR to the use of two equivalents of an
aliphatic aldehyde. The most significant issue is the formation of secondary amine 138 as a side-
product, arising from the reduction of the N-alkylimine intermediate 137 formed during the

reaction (Eq. 3-2).

H
©/NW IlI\/\/
137 ©/ 138

Equation 3-2. Reduction of the N-alkylimine to the secondary amine.

Guo and co-workers proposed that in the absence of H>O» in the reaction medium, greater amounts
of secondary amine are formed, at the expense of MCR yields. The authors attributed this to the
protonated N-alkylimine acting as the oxidant in the final aromatization step.!'”®) When the authors
added a stoichiometric quantity of H>O; as an external oxidant, yields increased and side-product
formation decreased (Scheme 3-3). This result raises the question of whether peroxide is actually
formed in situ under HI-catalyzed MCR conditions. This question is addressed, conclusively, in

Chapter 4 of this thesis.
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M n )(J)\ AICI; (1 equiv), air - Cols . NHC,H,
C;H;7” "H DCM,25°C,3h e
37

105 a 135 138 (10%)
136 a : 64% by GC

2 equiv 48% isolated

g S
n )J\ 2V q

C;Hy H DCM,25°C,3h N/ CH

3ty

105 a 135

2 equiv

136 a (84% by GC)

Scheme 3-3. Lewis acid catalyzed substituted quinoline synthesis and identification of secondary
amine by-product.['¢]

Another issue associated with the use of aliphatic aldehydes is that electronic, steric, and
conformational effects of substituents on the alkyl chain or polycyclic aromatic terminus
significantly influence reactivity. In literature examples, simple, unsubstituted aliphatic aldehydes
are used with few issues.!'¥194 196 However, the large polycyclic aromatic residues tethered to our
aldehydes introduce potential solubility and structural affects. Furthermore, the electronic effects

of substituent(s) on the aniline is expected to be an important factor in the efficiency of the MCR.

Results and Discussion

3.1. Three-island archipelago model compounds: synthesis of the aldehyde-
terminated polycyclic “islands”

The asphaltene-like model compounds we envisioned can be assembled starting from a range of
alkyl-tethered a,w-aryl aldehydes. For our purposes, the aldehyde-terminated polycyclic “islands”
needed for the three-island archipelago MCR reaction must be synthesized on large scale from
readily available starting materials. In addition, the aldehydes should ideally be easily purified on

this scale, preferably without chromatography. The most efficient synthetic procedure to
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accomplish this transformation is the well-known migratory Heck reaction between the appropriate

aryl halide and various o,w-allylic alcohols (Eq. 3-3).200-201]

0]
_ > AI‘WJ\
Ar—X +
' AT >on a e
139 140 141
X =a)Br a) n=1 a) n=1
b) I b) n=2 b) n=2
¢) n=3 ¢) n=3

Equation 3-3. Synthetic plan to assemble the desired alkyl-tethered a,w-aryl aldehyde.

The migratory Heck reaction can be accomplished using aryl bromides directly. The requirement

for bulky, electron-rich phosphine ligands to promote this reaction is essential (Eq. 3-4).12°!]

Pd(dba), (2 mol%)

Br 146 (6 mol%) H
Cy,NMe (1.1 mmol) (¢
)

140 a DMF, 100 °C, 1 h
142 143 (43%

¥ J\@ J
7K -
w o T O

145

Equation 3-4. Phosphine ligands used to promote the migratory Heck reaction using aryl
bromides.?°!!

Unfortunately, the phosphine ligands are air-sensitive and expensive, impractical for large-scale
synthesis. Instead, a two-step sequence of halogen exchange followed by a “ligand-free” migratory

Heck procedure became our preferred approach (Scheme 3-4).
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0]

Ar—Br — Ar—1 + MOH - AI\WJ\H
n

139 a 139b 140 141

Scheme 3-4. Practical, large-scale synthesis of variable tethered alkyl-tethered a,w-aryl
aldehyde.

Aryl iodides are best prepared from the corresponding commercially available (or easily

)22 aryl bromides via copper-catalyzed halogen exchange.!?**! For our purposes, 9-

synthesized
bromophenanthrene and 1-bromopyrene were selected as the starting ‘islands,” which were

converted to the corresponding iodide on a multigram scale (Scheme 3-5). For this reaction, the

use of freshly purified Cul is crucial to obtain high yields of pure aryl iodide.

Cul (0.05 equiv) Br Cul (0.05 equiv)
Br Nal (2 equiv) Nal (2 equiv)
‘ DMEDA (0.1 equiv) DMEDA (0.1 equiv)
dioxane, 110 °C, 2 d dioxane, 110 °C, 2 d
O 10 gram scale 10 gram scale

148 (96%) 150 (98%)

Scheme 3-5. Copper-catalyzed aromatic halide exchange reaction converting bromoarene to
iodoarene.?%!

Larock’s palladium-catalyzed migratory Heck reaction using commercial a,m-alkenyl alcohols
was then used to prepare the tethered aliphatic aldehydes.[*°’! The reaction was optimized using 9-
iodophenanthrene 148 and 4-penten-1-ol 140b, producing the expected mixture of linear and

branched products 151 and 152, respectively (Eq. 3-5).
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® i

H  Linear
Pd(OAc), (3 mol%)
TBACI (2 equiv) O

O I LiCl (1 equiv)
O LiOAc (2.5 equiv) 151 (76%)

4 /\/\/OH
DMF, rt, 5d
140 b ..
9:1 selectivity
linear:branched O

H
148 Branched
g O

152 (9%)

Equation 3-5. Migratory Heck reaction to afford the linear and branched alkyl-tethered a,w-aryl
aldehyde.

Larock determined that the linear to branched ratio was governed by the reaction temperature.2%"

When the temperature is maintained at 22-25 °C, greater selectivity for the linear product is
observed. Upon heating, increasing amounts of branched product are obtained. Indeed, we found
that any deviation from the published reaction conditions leads to increased formation of the
undesired branched aldehyde. This is especially problematic when using longer-chain allylic
alcohols (= 6 carbons). To obtain acceptable conversion in a reasonable timeframe, gentle heating
is necessary. However, the increased temperature also results in almost complete loss of selectivity
(linear : branched ~ 1 : 1). As an alternative, we found that delaying the onset of heating for 24 h
results in an improved linear-to-branched ratio. Following this period, heating the reaction mixture
to 50 °C for five additional days gives the alkene migrations time to equilibrate fully. Using
delayed heating, the desired terminal adduct was formed in a 9 : 1 selectivity (Eq. 3-6).
Unfortunately, all attempts to extend the tether length beyond six carbons were impractical, as a
result of our inability to separate mixtures of regioisomeric aldehydes by either column

chromatography or fractional recrystallization.

64



OH

ZM; on

140 ¢
P U I
Pd(OAc), (3 mol %) Ar Pld---
i I
TB-A ae eq}nv) 153 (68%) Ar H
LiCl (1 equiv) ' i o ]
I LiOAc (2.5 equiv) Linear

O DMEF, 1t (24 h), then 50 °C (5 days) B OH_
O 9:1 selectivity 0
linear: branched Y\/\/

148 Ar /I\ re_
155 (8%) Pd---
Branched I H
L 156 —

Ar = phenanthrene

Equation 3-6. Kinetic vs. thermodynamic insertion of the alkene at room temperature.

The separation of the linear aldehydes from the branched isomers produced in the migratory Heck
reaction is challenging in general. While these reactions are successful on multigram scale (Figure
3-1), it is not possible to remove the small amount of the branched isomer by flash column
chromatography. Instead, iterative recrystallization (up to three times) proved to be the only
method to give isomerically pure material, as identified by 'H and '3*C NMR spectroscopy. The
pure aldehydes, synthesized on > 1 gram scale, are stable solids that can be stored indefinitely at

room temperature in the air with no decomposition.
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}M}W}W

157 (69%) 151 (76%) 153 (68%)
158 (64%) 159 (66%) 160 (66%)

Figure 3-1. Synthesized PAH tethered alkyl-tethered a,w-aryl aldehyde.

3.2 Initial optimization of the archipelago MCR reaction: an interim solution.

With the alkyl-tethered o,w-aryl aldehydes in hand, we turned our attention to the synthesis of
three-island archipelago-like model compounds. Using previously published conditions from our
laboratory — catalytic iodine and water — the reaction of two equivalents of 5-(phenanthren-9-
yl)pentanal and one equivalent of 5,6,7,8-tetrahydronapthyl-/-amine, led to the formation of the

three-island cycloadduct 161 in 48% isolated yield (Eq. 3-7).
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NH
2 O O 1, (5 mol%)
H,0 (150 mol%)
+ L
THF, 66 °C
27h O 12 h Ny, 24 h air

151

161 (48%)

Equation 3-7. Initial reaction conditions for the synthesis of 2-(4-(phenanthren-9-yl)butyl)-3-(3-
(phenanthren-9-yl)propyl)-7,8,9,10-tetrahydrobenzo[#]quinoline.

This promising result indicated that the synthetic aldehydes are indeed compatible with the MCR
methodology. However, the yield of the reaction was low, for three reasons: (i) competition from
the formation of a secondary amine side-product (here, ~17%), (ii) incomplete cyclocondensation
reaction, and (iii) unproductive loss of the aldehyde. Discussion of the latter is deferred to Chapter

4.

During the reaction, the N-alkylimine intermediate 162 undergoes hydride reduction to give the
secondary amine, a consequence of insufficient oxidant in solution to mediate the aromatization
of intermediate 163 (Scheme 3-6). Thus, addition of an external oxidant, such as pure oxygen, was
expected to suppress imine reduction. In addition, we presumed that increasing the aldehyde enol
concentration would increase the rate of cyclocondensation. The increased concentration of
intermediate 163 in the presence of an effective external oxidant, should afford higher overall

yields.
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H
|
N\/Qg\/Ar
3
164

Secondary amine
side-product

NH, Cyclization
&
N W Ar Aromatization N\ Ar
C ANy e 7| Avomatization ;
3 P Ar
127b 151, 162 161 3
2 equiv.
Ar = phenanthrene \ /
H
I H
N Ar
3
= Ar
163 3

Scheme 3-6. Formation of product and side-product from the MCR reaction using two alkyl
aldehydes.

3.3. MCR optimization: testing solvent effects and oxidant concentration

The first solvent explored was ethanol, in the hope that a polar, protic medium would stabilize the
enol tautomer of the aldehyde, increasing its steady-state concentration.?°#2%] In addition, the
catalyst of choice was HI (57%) rather than iodine, based on observations from our previously
published work.['?¢] Using these reaction conditions, 1 synthesized a few quinoline-core
archipelago compounds (Eq. 3-8) on one gram scale, regardless of yield, to supply compounds

needed by our collaborators at JPEC. The yields, unfortunately, were low.
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Ar

NH, )n
HI (5 mol%) N Ar
/O n
+ Ar% |
N EtOH, 90 °C, 4.5 h =
127b 151/153/157 0,

Ar= Phenanthrene
161/165/166

161 (35%) 165 (38%) 166 (36%)

Equation 3-8. Quinoline-core archipelago compounds synthesized using catalytic HI in ethanol.

Under these reaction conditions, the formation of secondary amine was limited (~13% of the crude
mixture). Unfortunately, however, the acidic reaction conditions induced competitive trimerization
of the aldehyde, giving undesired 1,3,5-trioxane 167 (Eq. 3-9). The prevalence of this trimeric
product, coupled with the low solubility of the staring materials in ethanol, led to the conclusion

that a polar, protic medium must not be optimal for our purposes.
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NH, O
C@ | HI (5 mol%)
' O EtOH, 90 °C, 4.5 h i
127 b O 02

151

2.1 equiv 161 (34%)
+
OO 164 (13%) - Secondary amine
&

167 (33%) - Aldehyde trimer

Aldehyde trimerization =

Equation 3-9. MCR using ethanol as solvent: competitive formation of the aldehyde cyclic
trimer.

©)

167

Before changing solvents, I briefly explored whether the low availability of oxidant in solution,
resulting in slow oxidation of the intermediate, was a more significant problem. The results from
varying oxidizing conditions and catalyst loadings are recorded in Table 3-1. Increasing the
oxygen concentration by conducting the reaction in pure O> atmosphere (instead of air) allowed
the catalyst loading to be lowered to achieve comparable conversion (compare entries 1 and 3).
The reaction in pure oxygen can be run with as little as five mol% catalyst, but the reaction time
must be lengthened significantly (entry 4). Following this reaction by TLC revealed complete

consumption of aldehyde, although the yield of the quinoline was only 34%. All components of
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the mixture were isolated and quantified, with the aldehyde trimerization 167 being most abundant

(Eq. 3-9).

NH, O 0
C@ Cat. (5-30 mol%)
! O EtOH, 90 °C
127b O

151
2.1 equiv

Equation 3-10. Reaction optimization investigating the affect of catalyst/oxygen concentration.

Table 3-1. Effects of catalyst concentration in the presence of variable O> atmosphere.

Entry Catalyst Time (h) Oxidant '"H NMR Conversion (%)?
1 HI (30 mol%) 2.5 air 422
2 HI (30 mol%) 1.5 2 atm O 35%¢
3 HI (10 mol%) 2.5 02 433¢
4 HI (5 mol%) 4.5 02 340
5 I> (5 mol%) 1.5 2 atm O2 412°¢

Reactions were conducted at reflux temperatures. *Yield based on 'H NMR spectroscopy, quantified by using an
internal standard of hexamethyldisiloxane. °Isolated yield. °Reactions requiring two atm O, were conducted in a
sealed Fischer-Porter bottle. The pressurized reactions were conducted behind a blast shield as a precaution. The
amount of secondary amine by-product was not quantified.
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The persistence of the aldehyde trimerization product in the ethanolic reactions led us to abandon

this solvent entirely. Several other solvents, along with other variations in catalyst loading and

reaction time, were therefore explored to supress the formation of this undesired product.

NH, O ?
HI (5 mol%)
+
Solvent, reflux
127 O 4.5h, 0,

151
Solvent = a) CH;CN 161 a) 32%
b) DCM b) 53%
c) CgHg c)57%

Equation 3-11. Screening MCR conditions as a function of solvent. Compound yields for the
reactions using CH3CN and DCM were determined by 'H NMR spectroscopy. The yield of the
reaction using benzene was determined by isolation after purification by column chromatography.

Both dichloromethane and benzene proved to be better solvents (Eq. 3-11),['* affording improved
but moderate yields of the desired quinoline and, importantly, no aldehyde trimerization. Our focus
turned to benzene for subsequent reactions, given the higher reflux temperature, which is
beneficial. Furthermore, from preliminary reactions using I» as the catalyst in hot benzene, the

reaction was complete after only 0.5 h (Eq. 3-12).
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NH, O o}
C@ l Cat. (5 mol%)
' ‘ CgHg, reflux
127b O 0.5 h, air

151

3.1 equiv
Catalyst: a) I, 161 a) 44%
b) I, D,O (3.1 equiv) b) 54%

Equation 3-12. Investigating the MCR using catalytic I, with and without a DO additive.

Unfortunately, the yields of both I and 1»/D,0O reactions (Eq. 3-12) were low and the ratio of
product to side-product was a disappointing 1 : 1. Conducting the reaction under air and using
benzene as solvent, afforded the desired product in 44% yield. We suspected that an unfavourable
keto-enol tautomerization rate in benzene may limit conversion, so a stoichiometric quantity of
D,0 was added in an attempt to stabilize the transient enol.?°®2°7] The resulting increase in yield
(approx. 10%) confirmed this hypothesis, but even then, significant secondary amine was present
(Eq. 3-12). I then decreased the amount of aldehyde from three to two equivalents and extended
the reaction time (based on TLC progress). However, a significant amount of secondary amine
(~40%) remains, significantly higher in comparison to reactions conducted in THF or EtOH

(compare Eq. 3-7 and Eq. 3-8 with Eq. 3-13).
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NH, O 0
O@ l HI (5 mol%)
i O benzene, 80 °C
127b O 4.5 h, air

151
2.1 equiv 161 (57%)
+
164 (40%) - Secondary amine

Equation 3-13. Quinoline synthesis using benzene as solvent. Amplified formation of secondary
amine.

I therefore turned my attention to using pure oxygen, in the hopes that the rate of oxidation to the

final quinoline would increase, resulting in a decrease of N-alkylimine (Eq. 3-14, Table 3-2).

O
HI (5 mol%)
+
benzene, 80 °C, 4.5 h
0,
127 b

151
2.1 equiv

164 - Secondary amine

Equation 3-14. MCR conditions used to screen for the effects of oxygen concentration.
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Table 3-2. Effect of oxygen concentration on the MCR synthesis of quinolines.

Entry Time (h) Oxidant TH NMR Conversion (%)  Yield of amine (%)

1 4.5 air 57 40
2 4.5 0> 59 40
32 4.5 2 atm O, 82 b
42 1.5 2 atm O 74 b

All reactions were conducted in benzene at 85 °C using 5 mol% HI catalyst. *Reactions conducted in a sealed Fischer
Porter bottle. The pressurized reactions, due to flammable solvent in the presence of oxygen, are conducted behind a
blast shield as a precaution. Yields of secondary amine in entries 1 and 2 were determined by 'H NMR spectroscopy.
®The amount of secondary amine was reduced significantly, but not quantified. Conversions acquired by 'H NMR,
with an internal standard of hexamethyldisiloxane.

In the control reactions, switching from a static air headspace with rapid stirring (~20% O3) to
sparging pure oxygen gas provided little benefit (Table 3-2, entry 2), suggesting that the solution
was already oxygen-saturated under air alone. To our delight, however, pressurizing the reaction
vessel to two atmospheres of oxygen (30 psig) improved conversion and partitioning dramatically
(Table 3-2, entry 3). After heating only 1.5 h under oxygen pressure, the reaction is 74 % complete

(Table 3-2, entry 4). While this result was encouraging, heating under pressurized oxygen is neither

safe nor practical for large-scale synthesis.

34. Anisole as MCR solvent. An effective interim MCR optimization

At this point, we found 4-ethylaniline to be a better substrate for optimization studies: 4-
ethylaniline is less expensive and less air-sensitive than 5,6,7,8-tetrahydronaphthyl-/-amine. In
addition, the MCR adduct is statistically favored for this aniline; cyclization can occur at either the

2- or 6-positions (Figure 3-2).
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R,=LA,H
R,= alkyl, aryl, etc.
117.1 117.1 ? yha

Two available ortho-positions
for the cycloaddition to occur

Figure 3-2. Two available ortho-positions for the cyclization.

To maximize the efficiency of the oxidative aromatization, we also adopted an aromatic solvent
that effectively increases the concentration of soluble oxygen, yet still dissolves our substrates.
Anisole proved to be ideal, supporting higher concentrations of dissolved oxygen relative to
benzenel?% 2% and easily dissolving the functionalized aldehydes. In this solvent, the use of

oxygen at one atmosphere becomes highly effective, avoiding an oxygen overpressure.

An added benefit to using anisole is its high boiling point, allowing the reaction temperature to be
increased. Interestingly, in anisole, the reaction requires higher temperature to provide complete
conversion. At 100 °C, the conversion is underwhelming (Table 3-3, entry 1). However, by heating

the reaction mixture to 130 °C, the yield increases to 77% after 4.5 h (Table 3-3, entry 2).

The effects of catalyst concentration were then investigated. Five mol% aqueous HI proved

126] decreasing the acid concentration to two mol% led to a decrease in conversion from

optimal;!
77% to 67% (Table 3-3, entries 2 and 3). Increasing the catalyst concentration from five mol% to

10 mol% had a similarly deleterious effect (entry 4), with the conversion falling to 65%. We

attribute the latter to excess water concentration in the reaction medium, a sensitivity we previously
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identified.['?6! However, this result remains puzzling: the reaction time was identical, yet only a

minimal drop in conversion was observed.

NH,
HI (2-10 mol%)

anisole, 4.5 h, O,

105 151

2.1 equiv

168

Equation 3-15. General MCR screening for optimal reaction conditions using 4-ethylaniline as
the aniline substrate.

Table 3-3. Catalyst concentration, temperature, and additive screening for MCR optimization.

Entry Catalyst Temp. (°C) Additive TH NMR Conversion (%)
1 HI (5 mol%) 100 — 43
2 HI (5 mol%) 130 — 77
3 HI (2 mol%) 130 — 67
4 HI (10 mol%) 130 - 65
5 HI (5 mol%) 130 Nal (1 equiv) >95
6 HI (5 mol%) 130 Nal (2 equiv) 51

Reactions are run in anisole for 4.5 h under a constant, rapid bubbling of oxygen, unless otherwise stated. Note, higher
temperatures (up to 160 °C which is the boiling point of anisole) may well improve the yield but excessive heating of
organic solvents in pure oxygen gas is ill-advised and the reaction temperature was limited to 130 °C. The amount of
secondary amine was not quantified during these control reactions. Conversions acquired by 'H NMR, with an internal
standard of hexamethyldisiloxane.
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Following the catalyst experiments, we considered the potential importance of iodide anion
concentration, in combination with acid concentration, on product formation. The addition of one
molar equivalent of partially-soluble sodium iodide to the reaction medium surprisingly resulted
in a nearly quantitative conversion of the quinoline (Table 3-3, entry 5). However, upon addition
of a second equivalent of sodium iodide, conversion is strongly inhibited. Intrigued, a deeper
investigation into the causes and effects of iodide concentration was conducted, as presented in

Chapter 4.

Following this initial optimization, a limited investigation of the scope of the reaction was
conducted to survey the synthetic generality of our reaction. In this study, we varied the aldehyde
tether length and sampled several substituted anilines. For these reactions, we used identical
conditions: Nal (1 equiv), Oz sparge, five mol% HI (57%), at 130 °C for 4.5 h (Eq. 3-16).
Importantly, the series of synthetic compounds produced in this investigation also served the

immediate needs of our collaborators.

NH, )
0 HI (5 mol%)
R + H)L(\%/\/Ar Nal (1 equiv) N I?r
-
n Anisole, 130 °C, 4.5 h, |

53/105/127  151/153/157/159 bubbling O,
2.1 equiv

R
169

Equation 3-16. Reaction conditions for the generalized synthesis of three-island archipelago
compounds.
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3.5. MCR synthesis of archipelago model asphaltene compounds — scope and
limitations

The range of substrates selected represents structural features and/or compositional characteristics
observed in authentic asphaltenes. The most important aspect for our model compounds is the
tolerance of diverse aniline substitution. Specifically, we investigated methyl and ethyl
substituents positioned in patterns representative of the short terminal alkyl chains identified in all
authentic asphaltenes. Furthermore, extended saturated and unsaturated anilines were also
investigated, to increase the size of the quinoline-core and to provide contrast to simple
methyl/ethyl substitutions. Some of the substrates were selected to challenge the MCR process, as
determined from prior experimentation. In addition, electronic effects were assessed, using
electron-withdrawing and electron-donating substituents that range well outside the functionality
found in authentic asphaltenes, but good indicators of generality. The scope also encompassed
tethered aldehydes ranging from 4-6 carbons, to examine the impact of positioning the aromatic
islands at different distances from the reactive aldehyde. One final variation was to include pyrene

as the terminal island motif.

Variations in aniline substitution proved illuminating (Figure 3-3). Surprisingly, aniline itself does
not afford a high yield, despite the similarity to 4-ethylaniline. This suggests that even remote
substituents are important. The results from the three dimethylanilines demonstrate that alkyl
substituents in the ortho- and meta-positions (171, 172, and 173) also have a negative impact on

the yield of the MCR.
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170 (41%) 171 (40%)

O —— Phenanthrene

Figure 3-3. Synthesized asphaltene-like quinoline model compounds incorporating various
methyl and ethyl substituents.

173 (40%)
172 (58%) 168 (79%)

Some decrease in yield was anticipated, as an ortho-substituent eliminates one of the potential
positions for cyclization, but the significant difference was unexpected (Figure 3-4, compounds

117.1 vs. 117.2).

i R
-A® g--. @_-.
. 1 ' i
.5 2. 2 A6
Vs
5 3 5
4 3 p
117.2
117.1

Figure 3-4. Ortho-positions available for cyclization is limited due to substitution.

The contrast in yields between 172 and 171/173 (Figure 3-3) suggests that a substituent in a meta-
position has a significant influence on the effectiveness of the cyclocondensation, possibly
changing the mechanism of the process from concerted asynchronous to stepwise. To prove this
hypothesis, extensive mechanistic studies — or a computational investigation — are required. But
given the underwhelming results from simple aniline derivatives, we became increasingly

concerned with the narrow scope of the reaction.
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An expanded range of aniline substrate was thus investigated. Fused bicyclic anilines (Figure 3-5,
161, 165, 166, and 175) provided marginally better yields compared to 2,3-dimethylaniline 171.
The series of 5,6,7,8-tetrahydronapthyl-/-amine derivatives 161, 165, and 166 did show that the
tether length is unimportant, giving no significant changes in yield. Interestingly, the size of the
saturated ring does not seem to influence the reaction (175) but extended aromatic amines (174

and 176) gives significantly lower yields.

161 (52%) 166 (56%) 165 (57%) 174 (26%)

O —— Phenanthrene

175 (54%) 176 (42%)

Figure 3-5. Extended saturated and unsaturated synthesized quinoline-core asphaltene-like
compounds.

To assess substituent electronic effects, a few para-substituted electron-donating and electron-
withdrawing groups were studied (Figure 3-6). The yield of the reaction of electron-deficient 4-
bromoaniline 178 was quite low in comparison to 4-ethylaniline 168. This decline in yield may be
associated with a decrease in nitrogen basicity, which inhibits the rate of imine protonation and

nucleophilic addition of the enol. On the other hand, the electron-donating substituent in p-
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anisidine 177 returns a moderate yield. This result was unexpected: the methoxy group increases
the basicity of the nitrogen, promoting protonation and imine formation. Furthermore, in the case
of N,N’-dimethyl-p-phenylenediamine 179 the overall yield suffers exceptionally. This decrease
is surprising, because we believed that increasing the donation of the substituent would enhance
the reaction. Unfortunately, the opposite occurred, and the reaction suffered. These results strongly
suggest that there remain uncontrolled variables in the cyclocondensation reaction, beyond simple

substitution effects.

/N\
177 0 ) o —— Phenanthrene
(51%) 178 (40%) 179 (25%)

Figure 3-6. Testing the generality of the MCR by introducing electron donating/withdrawing
substituents. The reaction scale for archipelago synthesis incorporating p-anisidine 177 and 4-
bromoaniline 178 was 0.5 g and for N, N’-dimethyl-p-phenylenediamine 179, 0.16 g. Each reaction
was conducted just one time, as an initial test for generality.

To control for the effects of changing terminal islands, 4-ethylaniline was also condensed with 5-
(pyren-1-yl) pentanal, resulting in notably lower conversion and reduced yield (Figure 3-7, 168
and 180). One hypothesis is that the electron deficiency in the pyrene ring affects the reactivity of
the imine or enolized aldehyde, slowing the MCR, assuming that step occurs in advance of, or is,

the turnover-limiting step. It bears noting that the yields fall within the typical range of other
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MCRs, and the low product yield may simply be the result of substrate diversion. Regardless, the

results were, again, disappointing.

180 (60%) 168 (79%)

Figure 3-7. Varying the terminal island in the MCR: pyrene vs phenanthrene.
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170 (41%) 171 (40%)

173 (40%)

168 (79%)

OMe

PERRN
177 (51%) 178 (40%) 179 (25%)

175 (54%) 166 (56%) 161 (52%) 165 (57%)

180 (60%)

Figure 3-8. All quinoline-core compounds synthesized by our initial optimal conditions.

3.6. An application of asphaltene model quinolines: Hansen solubility parameters

The purified model compounds listed in Figure 3-8 (above) were shipped to our JPEC (Japan
Petroleum Energy Center) collaborators for analysis. Our collaborators assessed the compound’s
solubility characteristics using Hansen solubility parameters, to correlate with those of authentic
bitumen samples. For any meaningful interpretation of the results, a brief précis on Hansen

solubility parameters is necessary.

The asphaltene fraction of bitumen is typically defined based on solubility (see earlier discussion
on the SARA method) and therefore, it is important to engineers to understand the solution
behaviour of both the authentic material and the synthesized model compounds. The most widely
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used method for accurately evaluating solubility involves determining the Hansen solubility

parameters (HSP).2!!]

These parameters have been typically used to study authentic
asphaltenes,?!2215] but Yamamoto and co-workers published a study using synthetic asphaltene
model compounds, including mine, in order to make comparisons with bitumen-derived

material [>16]

Hansen solubility parameters serve fundamentally as a predictive tool for assessing whether or not
one material will dissolve in another. Hansen solubility parameters are an extension of the older
Hildebrand solubility parameter & = (E/V)"2, where E, cohesive energy, is measured in J/mol and
V, molar volume, is measured in cm*/mol.2!”) However, in the Hansen solubility parameters, the
equation separates the cohesive energy into dispersion forces (Eq), dipolar intermolecular forces
(Ep), and hydrogen bonding (En) (Eq. 3-17), accounting implicitly for steric and electronic

factors.[211-216]

E=Eq+ E, + Enp
Sa= (Ea/V)'?, 8= (Ep/V)'2, 8n = (En/V)'"?
8¢ = 8¢> + 8p* + S’
Ra = [4(8d1 - 842)> + (8p1 — 8p2)* + (Sh1 — Sn2)?]

Equation 3-17. Mathematical equations for Hansen solubility parameters.

The affinity of two molecules to form solutions is calculated from the parameters (R, (MPa'’?))
and will determine the likelihood the substances will dissolve. If the value of the R, is small, the
result indicates that the forces between the two molecules are similar and should be miscible. To
determine if the molecules in question are within range, the parameters are plotted on a three-

dimensional graph and a spherical boundary can be drawn to evaluate all solvents; this is termed
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the interaction radius (Ro). Once R, and Ry are determined, the relative energy difference can be
calculated (RED = Ra/Ro). If the RED is < 1, the molecules will dissolve, if RED = 1 only partial
solubility is anticipated, and when RED is > 1 no solubility is expected.!?!! Therefore, using these
equations a series of model compounds are interrogated to determine the HSPs and compare the

results to authentic material.

181 182

Figure 3-9. Quinoline-core archipelago model compound studied using HSPs.

The solution behaviour of compound 183 (Figure 3-9), which I synthesized, has been evaluated
using HSP. In a 2018 publication, Yamamoto used both experimental and modeling techniques to
investigate the behaviour of archipelago model 183 along with several other archipelago-like
compounds, such as pyrene-based models, steroidal naphthoquinolines, and continental structures
such as hexabenzocoronene and nickel porphyrin-derived compounds.?'®) Using a number of
different of organic solvents, the experimental results indicate that there is a large variation in the
types of solvents that can be used, with no single solvent being universal for all compounds.
Critically, an accurate solubility prediction based solely on chemical structure (functional groups,
heteroatoms, ring sizes, etc.) is not easily achieved; however, when the prediction is combined
with comparable experimental HSP analysis, solubility characteristics can be successfully

determined. In addition, the interaction radius Ro varies significantly with minimal structural
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differences, such as which heteroatom is incorporated and where in the molecule it is located.
Overall, the HSP and Ro values were determined for the series of model compounds with a range
from: 8¢ = 18.7-21.0 MPa'?, §, = 2.7-8.1 MPa!?, §, = 2.2— 6.5 MPa'? and Ry = 3.5-8.5
MPa'’2 2] Though this data falls within the range of the authentic material, over-interpretation of
the results must be restrained (Canadian oil sand bitumen is 19, 4, 4 MPa'!?).212-215] This method,

however, will be beneficial for the design of new targets and for exploring mixed model systems.

In addition to HSP investigation, our model compounds will be used to develop and validate other
techniques for analyzing asphaltenes. In particular, much work will be focused on the mass
spectrometry techniques used by our collaborators at JPEC. Specifically, the fragmentation
patterns of our model compounds may help identify molecules in authentic asphaltenes with
similar substructures. Furthermore, isothermal titration calorimetry measurements of model
compounds will provide a useful reference point for comparing data obtained from authentic
material. In addition, diffusion ordered spectroscopy (DOSY) can be used to study intermolecular
interactions, revealing the concentrations needed for the onset of aggregation, and possibly the size
of these aggregates. This data would then become a reference point for interpreting the DOSY
spectra of asphaltene samples. Finally, subjecting our model compounds to AFM/STM
measurements will be invaluable for developing, refining and validating techniques for imaging

archipelago-type compounds in authentic asphaltene samples.

Conclusion

With various archipelago model compounds assembled, we recognized that the reaction was far
from general enough to move the field forward. For this reason, we needed to revisit, again, our

optimization process, to understand what was neglected during our initial investigations. Hence,
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we decided to thoroughly interrogate catalyst systems and reaction mechanisms, probing each of

the problems identified in this chapter.

Experimental Section

All manipulations of air-sensitive materials were performed in a well-maintained Braun dry box
under an atmosphere of prepurified nitrogen or, on larger scale, using standard Schlenk
techniques. Dioxane was distilled from sodium under nitrogen. THF was distilled from
sodium/benzophenone ketyl, aslo under nitrogen. Sodium iodide (Nal) was purchased and dried
in a vacuum oven for two days and stored in the dry box. Freshly purchased copper iodide needed
no further purification; however, if stored on a shelf, purification was performed using a literature
procedure.>'¥! All other solvents and reagents were used without further purification. TLC
analyses were performed using 0.5 mm analytical TLC plates from Macherey-Nagel
(ALUGRAM® SIL G/UVas4) and visualized by using UV-light of 254 nm and/or 366 nm. For
flash column chromatography, silica gel 60 M (0.040-0.063 mm) from Macherey-Nagel was

used.

NMR spectra were recorded on Agilent/Varian instruments (400, 500 and 700 MHz for '"H NMR
and 101, 126 and 176 MHz for '*C NMR) at ambient temperature. Chemical shifts were
referenced to residual solvent protium peaks (8 in parts per million (ppm) CHCIl3 'H: 7.26 ppm;
13C: 77.0 ppm). Coupling constants were assigned as observed. '"H NMR coupling constants are

rounded to nearest 1.0 Hz and >*C NMR values are reported to the nearest 0.1 Hz.

High-resolution mass spectra (HRMS) were recorded on several instruments (Agilent
Technologies 6220 TOF, Bruker 9.4T Apex-Qe FTICR, or Kratos Analytical MS-50G) and

acquired by the department analytical technology staff. Elemental analyses (C, H, N) of purified

88



compounds were obtained by the Department of Chemistry Instrumentation Laboratory,
supervised by Mr. Wayne Moffat, using a Thermo Carlo Erba EA1108 or ThermoScientific Flash

2000 analyzer.

Most of the quinoline compounds prepared by this method do not pass elemental analysis due to
low values for carbon content. Multiple cases were run for reproducibility; however, the results
are self-consistent. This is not uncommon for compounds incorporating adjacent quaternary
carbons, which do not completely combust.[*!%2221 To rectify this issue, the instrument requires

a continuous oxygen flow to ensure complete combustion.

The 'H NMR spectra for the aldehydes and quinoline-based compounds have signals in the
aliphatic region that show a splitting pattern that appears as an ordinary triplet or overlapping
doublet of doublets. However, the resonance arises from second-order coupling; at this field
strength, the complex signal is deceptively simple.[?*’] Thus, the symbol J,, is used to designate

the appearance of second order systems seen in the spectrum data below.

For aldehyde synthesis, I performed initial reactions and determined reaction conditions and
purification methods. However, I was assisted during the scale-up process by two (then)

undergraduate co-workers, Jose F. Rodriguez and Mark Aloisio.

Compound 181 was initially made by Jose F. Rodriguez, while working as a C403 student under
my supervision. However, I repeated the reaction to obtain the purified product in order to satisfy

the request made by JPEC.
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3.7. General synthetic procedure for 9-iodophenanthrene and 1-iodopyrene!*®!

In the presence of purified copper (I) iodide (5 mol%), and dry sodium iodide (2 equiv), 9-
bromophenanthrene or 1-bromopyrene, were added into a 100 mL three-neck round-bottom flask,
equipped with a reflux condenser, placed under inert atmosphere, and diluted with dioxane. To
this mixture, N, N’-dimethylethylenediamine (10 mol%) was added and the solution was heated to
120 °C (bath temperature) for 48 h. The reaction mixture was cooled to rt, after which excess
ammonium hydroxide (30% aq) was added. The resulting blue solution was poured into water and
extracted using DCM. The organic layer was separated, washed with saturated brine, dried over
NaySOq, filtered, and the solvent was removed under reduced pressure. The solid was dissolved in
the minimal amount of DCM, then the solution was filtered through silica gel and the solvent was

removed under reduced pressure.

9-lodophenathrene (148).

oy

The general procedure was used, 9-bromophenathrene (10.0 g, 39.0 mmol), purified copper (I)
1odide (0.37 g, 1.9 mmol), dry sodium iodide (11.7 g, 77.8 mmol), dioxane (40 mL), and N, N’-
dimethylethylenediamine (0.42 mL, 3.9 mmol) was heated to 120 °C (bath temperature) for 48 h.
The resulting product was an off-white solid to yield 11.1 g (96%): spectroscopic data is identical

to previously published work.[2¥
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1-Iodopyrene (150).

Cr

The general procedure was used, 1-bromopyrene (10.0 g, 36.0 mmol), purified copper (I) iodide
(0.34 g, 1.8 mmol), dry sodium iodide (10.7 g, 71.1 mmol), dioxane (40 mL), and N, N -
dimethylethylenediamine (0.38 mL, 3.6 mmol) was added and the solution was heated 110 °C
(bath temperature) for 48 h. The resulting product was an off white solid to yield 11.5 g (98%):

spectroscopic data is identical to previously published work.??4

3.8. General synthetic procedure of alkyl-tethered a,m-aryl aldehyde!>*!

A mixture of aromatic iodide (1 equiv), palladium acetate (Pd(OAc)2) (3 mol%), tetra-n-
butylammonium chloride (TBACI) (2 equiv), lithium chloride (LiCl) (1 equiv), and lithium acetate
(LiOAc) (2.5 equiv) was added to a 3-neck round-bottom flask under inert atmosphere and diluted
in dry, degassed dimethylformamide (DMF). To the stirred suspension, the alkenyl alcohol (1
equiv) was added and the solution was stirred for 4 — 6 days (required heat and time depend on the
length of the alkenyl alcohol). The reaction was quenched with deionized water and washed with
ethyl acetate. The organic layer was separated, washed with saturated brine, dried over Na;SOs,
filtered, and the solvent was removed under reduced pressure. The crude mixture was passed
through a silica gel column of hexanes and ethyl acetate (85:15). The solvent was removed under
reduced pressure, and the resulting solid was recrystalized. The recrystallization was repeated with

the filtrate to maximize the yield.
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4-(Phenanthren-9-yl) butanal (157).

S

The general procedure was used, with 9-iodophenanthrene (1.0 g, 3.3 mmol), Pd(OAc) (0.022 g,
0.099 mmol), TBACI (1.83 g, 6.58 mmol), LiCl (0.14 g, 3.3 mmol), LiOAc (0.54 g, 8.2 mmol),
dry degassed DMF (8 mL), and 3-buten-1-o0l (0.28 mL, 3.3 mmol) was stirred at rt for 4 days. The
resulting orange solid was recrystalized in hot ethyl acetate layered with hot hexanes. The reaction

afforded an orange solid 0.56 g (69%).

IR (FTIR): 3104 (w), 3062 (w), 3031 (w), 2935 (m), 2893 (m), 2869 (m), 2816 (m), 2727 (m),

1718 (s)

'TH NMR (CDCls, 500 MHz):  9.84 (s, 1H), 8.78 — 8.76 (m, 1H), 8.69 (d, /= 8.0 Hz, 1H), 8.16 —
8.14 (m, 1H), 7.87—7.85 (m, 1H), 7.70 — & 7.60 (m, 5H), 3.19 (apparent dd, second order coupling,

Jupp = 8.0, 7.0 Hz, 2H), 2.61 (td, J= 7.0, 1.0 Hz, 2H), 2.20 (quint, J = 7.0 Hz, 2H)

13C NMR (CDCls, 126 MHz): § 202.2, 1354, 131.7, 131.0, 130.8, 129.8, 128.1, 126.7, 126.7,

126.5,126.3, 126.1, 124.3, 123.3, 122.5, 43.5, 32.6, 22.4
HRMS (ESI) exact mass m/z calculated for Ci1sHis0 (M") is 248.1201, found 248.1198

EA anal. calcd for C1sH160: C, 87.06 %; H, 6.49 %; O, 6.44 %. Found: C, 86.86 %; H, 6.54 %; O,

6.59 %. Repeat found: C, 87.07 %; H, 6.56 %; O, 6.37 %
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5-(Phenanthren-9-yl) pentanal (151).

The general procedure was used, with 9-iodophenanthrene (3.00 g, 9.86 mmol), Pd(OAc), (66.4
mg, 0.296 mmol), TBACI (5.48 g, 19.7 mmol), LiCl (0.42 g, 9.9 mmol), LiOAc (1.63 g, 24.7
mmol), dry and degassed DMF (21 mL), and 4-penten-1-ol (1.02 mL, 9.86 mmol) was stirred at rt
for 4 days. The resulting orange solid was recrystalized in hot ethyl acetate layered with hot

hexanes. The reaction afforded an orange solid 1.98 g (76%).

IR (FTIR): 3104 (w), 3077 (m), 3031 (w), 2928 (s), 2885 (m), 2862 (m), 2822 (m) and 2722 (m),

1718 (s)

'TH NMR (CDCls, 500 MHz): 6 9.80 (t, J=2.0 Hz, 1H), 8.78 — 8.76 (m, 1H), 8.69 (d, J = 8.0 Hz,
1H), 8.14 — 8.10 (m, 1H), 7.87 — 7.85 (m, 1H), 7.71 — 8 7.59 (m, 5H), 3.17 (apparent dd, second

order coupling, Jupp = 8.0, 7.0 Hz, 2H), 2.52 (td, /= 7.0, 2.0 Hz, 2H), 1.91 — 1.82 (m, 4H)

13C NMR (CDCls, 126 MHz): 4 202.4, 136.0, 131.8, 131.1, 130.7, 129.7, 128.0, 126.6, 126.5,

126.2, 126.1, 126.0, 124.3,123.3, 122.4, 43.8, 32.2, 29.6, 22.0
HRMS (ESI) exact mass m/z calculated for C19Hi30 (M") is 262.1358, found 262.1354

EA anal. calcd for C19H130: C, 86.99 %; H, 6.92 %; O, 6.10 %. Found: C, 85.94 %; H, 6.89 %:; O,

7.17 %. Repeat found: C, 85.62 %; H, 6.86 %; O, 7.52 %
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6-(Phenanthren-9-yl) hexanal (153).

g ~

The general procedure was used, with 9-iodophenanthrene (1.00 g, 3.29 mmol), Pd(OAc), (22.3
mg, 0.0993 mmol), TBACI (1.83 g, 6.58 mmol), LiCI (0.14 g, 3.3 mmol), LiOAc (0.54 g, 8.2
mmol), dry degassed DMF (8 mL), and 5-hexen-1-ol (0. 40 mL, 3.3 mmol) was stirred at rt for 24
h then heated to 50 °C for 5 days. The resulting orange solid was recrystalized in hot ethyl acetate

layered with hot hexanes. The reaction afforded an orange solid 0.62 g (68%).

IR (FTIR): 3104 (w), 3075 (w), 3030 (W), 2931 (s), 2884 (m), 2859 (m), 2827 (m) and 2735 (m),

1714 (s)

TH NMR (CDCls, 500 MHz): 8 9.80 (t, J= 2.0 Hz, 1H), 8.80 — 8.74 (m, 1H), 8.68 (d, J = 8.0 Hz,
1H), 8.14 — 8.08 (m, 1H), 7.88 — 7.84 (m, 1H), 7.72 — 7.64 (m, 2H), 7.64 — 7.58 (m, 3H), 3.15
(apparent dd, second order coupling, Ju,, = 8.0, 8.0 Hz, 2H), 2.47 (td, J = 7.0, 2.0 Hz, 2H), 1.88

(quint, J=7.0 Hz, 2H), 1.75 (quint, J= 7.0 Hz, 2H), 1.58 — 1.51 (m, 2H)

13C NMR (CDCls, 126 MHz): § 202.6, 136.4, 131.9, 131.2, 130.7, 129.6, 128.0, 126.6, 126.5,

126.1, 126.1, 125.9, 124.3, 123.2, 122.4, 43.8, 33.2, 29.9, 29.3, 22.0
HRMS (ESI) exact mass m/z calculated for C2oH200 (M") is 276.1514, found 276.1516

EA anal. calcd for C20H200: C, 86.99 %; H, 6.92 %; O, 6.10 %. Found: C, 86.35 %; H, 7.35 %; O,

6.30 %. Repeat found: C, 86.29 %; H, 7.22 %; O, 6.49 %
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4-(Pyren-1-yl) butanal (158).

S G

The general procedure was used, with 1-iodopyrene (1.00 g, 3.03 mmol), Pd(OAc)2 (20 mg, 0.089
mmol), TBACI (1.68 g, 6.06 mmol), LiCl (0.13 g, 3.0 mmol), LiOAc (0.50 g, 7.6 mmol), dry
degassed DMF (7 mL), and 3-buten-1-ol (0.26 mL, 3.0 mmol) was stirred at rt for 4 days. The
resulting yellow solid was recrystalized in hot ethyl acetate layered with hot hexanes. The reaction

afforded a yellow solid 0.53 g (64%).
IR (FTIR): 3113 (w), 3039 (m), 2950 (m), 2894 (m), 2883 (m), 2816 (m) and 2707 (s), 1726 (s)

TH NMR (CDCl3,500 MHz):  9.83 (t,J=1.0 Hz, 1H), 8.31 (d, /= 9.0 Hz, 1H), 8.20 (dd, J = 8.0,
4.0 Hz, 2H), 8.15 (dd, J = 9.0, 6.0 Hz, 2H), 8.09 — 8.00 (m, 3H), 7.87 (d, J = 8.0 Hz, 1H), 3.41
(apparent dd, second order coupling, J,,, = 8.0, 8.0 Hz, 2H), 2.60 (td, /= 7.0, 1.0 Hz, 2H), 2.23

(quint, J= 7.0 Hz, 2H)

13C NMR (CDCl3, 126 MHz): § 202.1, 135.5, 131.4, 130.9, 130.0, 128.7, 127.5, 127.4, 127.3,

127.0, 126.8, 125.9, 125.1, 125.0, 124.8, 123.2, 122.3, 43.4, 32.6, 24.0
HRMS (ESI) exact mass m/z calculated for C2oHi60 (M") is 272.1201, found 272.1199

EA anal. caled for C20Hi60: C, 87.21 %; H, 5.99 %; O, 5.87 %. Found: C, 87.17 %; H, 6.01 %; O,

6.82 %. Repeat found: C, 87.25 %; H, 5.98 %; O, 6.77 %
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5-(Pyren-1-yl) pentanal (159).

J °

The general procedure was used, with 1-iodopyrene (5.00 g, 15.2 mmol), Pd(OAc), (0.10 g, 0.46
mmol), TBACI (6.92 g, 30.4 mmol), LiCl (0.644 g, 15.2 mmol), LiOAc (2.51 g, 38.0 mmol), dry
degassed DMF (38 mL), and 4-penten-1-ol (1.57 mL, 15.2 mmol) was stirred at rt for 4 days. The
resulting yellow solid was recrystalized in hot ethyl acetate layered with hot hexanes. The reaction

afforded a yellow solid 2.9 g (66%).

IR (FTIR): 3063 (w), 3046 (w), 2935 (s), 2923 (s), 2881 (m), 2858 (m), 2833 (m), 2735 (W), 1712

(s)

'TH NMR (CDCls,500 MHz) 6 9.80 (t,J= 2.0 Hz, 1H), 8.28 (d, J=9.0 Hz, 1H), 8.19 (dd, J = 8.0,
4.0 Hz, 2H), 8.16 — 8.09 (m, 2H), 8.05 (d, J = 2.0 Hz, 2H), 8.02 (t, J = 8.0 Hz, 1H), 7.89 (d, J =
8.0 Hz, 1H), 3.40 (apparent dd, second order coupling, J»» = 8.0, 7.0 Hz, 2H), 2.53 (td, J = 7.0,

2.0 Hz, 2H), 1.98 — 1.78 (m, 4H)

13C NMR (CDCI3, 126 MHz) & 202.3, 136.2, 131.4, 130.9, 129.9, 128.6, 127.5, 127.3, 127.2,

126.6, 125.8, 125.1, 125.0, 124.9, 124.8, 124.7, 123.2, 43.8, 33.3, 31.2, 22.1
HRMS (ESI) exact mass m/z calculated for C21H 30 (M") is 286.1358, found 286.1359

EA anal. calcd for C21Hi30: C, 88.08 %; H, 6.34 %; O, 5.59 %. Found: C, 88.04 %; H, 6.39 %; O,

5.57 %. Repeat Found: C, 87.85 % H, 6.41 %; O, 5.74 %
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6-(Pyren-1-yl) hexanal (160).

(] B

The general procedure was used, with 1-iodopyrene (1.00 g, 3.03 mmol), Pd(OAc)> (20 mg, 0.09
mmol), TBACI (1.68 g, 6.06 mmol), LiCl (0.13 g, 3.0 mmol), LiOAc (0.50 g, 7.6 mmol), dry
degassed DMF (7 mL), and 5-hexen-1-ol (0.36 mL, 3.0 mmol) was stirred at rt for 24 h then heated
to 50 °C for 5 days. The resulting yellow solid was recrystalized in hot ethyl acetate layered with

hot hexanes. The reaction afforded a yellow solid 0.60 g (66 %).
IR (FTIR): 3056 (w), 2934 (m), 2921 (m), 2880 (w), 2857 (w), 2833 (w), 2736 (w), 1711 (s)

'TH NMR (CDCl3,500 MHz): § 9.79 (t,J=2.0 Hz, 1H), 8.29 (d, /= 9.0 Hz, 1H), 8.19 (dd, J = 8.0,
5.0 Hz, 2H), 8.13 — 8.09 (m, 2H), 8.10 — 7.97 (m, 3H), 7.86 (d, /= 8.0 Hz, 1H), 3.35 (apparent dd,
second order coupling, Ju,, = 8.0, 8.0 Hz, 2H), 2.46 (td, J = 7.0, 2.0 Hz, 2H), 1.89 (quint, J = 8.0

Hz, 2H), 1.75 (quint, J= 7.0 Hz, 2H), 1.59 — 1.51 (m, 2H)

13C NMR (CDCls, 126 MHz) § 202.6, 136.7, 131.4, 130.9, 129.8, 128.6, 127.5, 127.2, 126.6,

125.8, 125.1, 125.0, 124.8, 124.8, 124.7, 123.3, 43.8, 33.3, 31.6, 29.2, 22.0
HRMS (ESI) exact mass m/z calculated for C22H200 (M") is 300.1514, found 300.1519

EA anal. caled for C2oH200: C, 87.96 %; H, 6.71 %; O, 5.33 %. Found: C, 85.93 %; H, 6.80 %:; O,

7.27 %. Repeat Found: C, 85.90 %; H, 6.82 %; O, 7.28 %
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3.9. MCR optimization: 5,6,7,8-tetrahydronaphthalen-1-amine

(Eq. 3-7) A mixture of 5-(phenanthren-9-yl) pentanal (0.10 g, 0.381 mmol) was added to a dry 25
mL three-neck RBF flask and purged three times with vacuum/nitrogen. 5,6,7,8-
tetrahydronaphthalen-/-amine (25 pL, 0.182 mmol), hydroiodic acid (0.7 pL), dry/distilled THF
(15 mL), and H>O (5 pL, 150 mol%) were sequentially added and the mixture stirred for 1 h at rt
under N> atmosphere. the mixture stirred at reflux for 12 h under N> atmosphere. The reaction
mixture was exposed to air and heating to reflux was continued for 24 h. The reaction mixture was
cooled to rt and the solvent was removed under reduced pressure. CH>Cl> (100 mL) and saturated
NaCOs; (100 mL) were added. The organic layer was separated, washed with saturated Na,COs
(2 x 100 mL), dried over Na,SOs, filtered, and the solvent was removed under reduced pressure.
The crude material was purified by column chromatography (hexanes/EtOAc gradient) to give an

off white solid (55.4 mg, 48% isolated yield).
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General procedure for screening the various conditions for optimization of 5,6,7,8-
tetrahydronaphthalen-1-amine

5-(Phenanthren-9-yl) pentanal (0.10 g, 0.381 mmol) was added to a 50 mL three-neck RBF flask
equipped with a reflux condenser. 5,6,7,8-Tetrahydronaphthalen-/-amine (25 pL, 0.182 mmol)
and hydroiodic acid or I (2-30 mol%) was dissolved in solvent (15 mL) and heated for 1.5 — 4.5
h. The reaction mixture was cooled to rt, basified with 10% aqueous NaOH, and washed with
CHCl,. The organic layer was separated, washed with saturated sodium bisulfite (15 mL), NaBH4
(100 mg) in H>O (15 mL), saturated brine and dried over Na>SOg, filtered, and the solvent was
removed under reduced pressure. Hexamethyldisiloxane (4.3 pL, 0.020 mmol) was added as an

internal standard for '"H NMR analysis.

(T3-1.1) The general procedure was used, HI (4.1 uL), EtOH, 90 °C (bath temperature), open to

air, for 2.5 h ("H NMR conversion: 42%).

(T3-1.2) The general procedure was used, HI (4.1 pL), EtOH, 90 °C (bath temperature),

pressurized in a Fischer Porter bottle to 2 atm of Oy, for 1.5 h ("H NMR conversion: 35%).

(T3-1.3) The general procedure was used, HI (1.4 pL), EtOH, 90 °C (bath temperature), oxygen

sparge, for 2.5 h ("H NMR conversion: 43%).

(T3-1.4) The general procedure was used, HI (0.7 uL), EtOH, 90 °C (bath temperature), oxygen

sparge, for 4.5 h (Isolated yield: 34%).

(T3-1.5) The general procedure was used, > (2.3 mg), EtOH, 90 °C (bath temperature), pressurized

in a Fischer Porter bottle to 2 atm of O2, for 1.5 h (‘H NMR conversion: 41%).

(Eq. 3-11a) The general procedure was used, HI (0.7 pL), CH3CN, 85 °C (bath temperature),
oxygen sparge, for 4.5 h ("H NMR conversion: 32%).
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(Eq. 3-11b) The general procedure was used, HI (0.7 uL), DCM, 45 °C (bath temperature), oxygen

sparge, for 4.5 h ("H NMR conversion: 53%).

(Eq. 3-11¢) The general procedure was used, HI (0.7 pL), C¢Hs, 90 °C (bath temperature), oxygen

sparge, for 4.5 h (Isolated yield: 57%).

(Eq. 3-12a) The general procedure was used, 5-(phenanthren-9-yl) pentanal (0.300 g, 1.14 mmol),
5,6,7,8-tetrahydronaphthalen-/-amine (51 pL, 0.37 mmol), I> (4.7 mg), C¢Hg (20mL), 90 °C (bath

temperature), open to air, for 0.5 h (Isolated yield: 44%).

(Eq. 3-12b) The general procedure was used, 5-(phenanthren-9-yl) pentanal (0.300 g, 1.14 mmol),
5,6,7,8-tetrahydronaphthalen-/-amine (51 pnL, 0.37 mmol), I (4.7 mg), D>O (19.9 pL, 1.14 mmol),

CsHes (20mL), 90 °C (bath temperature), open to air, for 0.5 h (Isolated yield: 54%).

(T3-2.1) The general procedure was used, HI (0.7 pL), CsHs, 90 °C (bath temperature), open to

air, for 4.5 h ("H NMR conversion: 57%).

(T3-2.2) The general procedure was used, HI (0.7 uL), C¢He, 90 °C (bath temperature), oxygen

sparge, for 4.5 h (‘H NMR conversion: 59%).

(T3-2.3) The general procedure was used, HI (0.7 pL), CsHs, 90 °C (bath temperature), pressurized

in a Fischer Porter bottle to 2 atm of O, for 4.5 h (\H NMR conversion: 82%).

(T3-2.4) The general procedure was used, HI (0.7 pL), CsHs, 90 °C (bath temperature), pressurized

in a Fischer Porter bottle to 2 atm of O2, for 1.5 h (‘H NMR conversion: 74%).
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3.10. MCR Optimization: 4-Ethylaniline

General procedure for screening the various conditions for optimization of 4-ethylaniline

5-(Phenanthren-9-yl) pentanal (0.10 g, 0.38 mmol) was added to a 50 mL three-neck RBF flask
equipped with a reflux condenser. 4-Ethylaniline (23 pL, 0.18 mmol) and hydroiodic acid (2-10
mol%) was dissolved in anisole (15 mL), sparged with O, and heated to 100 — 130 °C (bath
temperature) for 4.5 h. The reaction mixture was cooled to rt, basified with 10% aqueous NaOH,
and washed with CH>Cl,. The organic layer was separated, washed with saturated sodium bisulfite
(15 mL), NaBH4 (100 mg) in H2O (15 mL), saturated brine and dried over Na>SOyg, filtered, and
the solvent was removed under reduced pressure. Hexamethyldisiloxane (4.3 pL, 0.020 mmol)

was added as an internal standard for 'H NMR analysis.

(T3-3.1) The general procedure was used, HI (0.7 uL) and heated to 100 °C (bath temperature).

(*H NMR conversion: 43%).

(T3-3.2) The general procedure was used, HI (0.7 uL) and heated to 130 °C (bath temperature).

("H NMR conversion: 77%).
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(T3-3.3) The general procedure was used, HI (0.3 pL) and heated to 130 °C (bath temperature),

("H NMR conversion: 67%).

(T3-3.4) The general procedure was used, HI (1.4 pL), and heated to 130 °C (bath temperature).

("H NMR conversion: 65%).

(T3-3.5) The general procedure was used, HI (0.7 uL), Nal (27 mg, 0.18 mmol) and heated to 130

°C (bath temperature). ("H NMR conversion: > 95%)).

(T3-3.6) The general procedure was used, HI (0.7 pL), Nal (55 mg, 0.36 mmol) and heated to 130

°C (bath temperature). ("H NMR conversion: 51%).

3.11. Scope of multicomponent reaction compounds

A mixture of an alkyl-tethered a,w-aromatic aldehyde (2.1 equiv) was added to a three-neck RBF
flask equipped with a reflux condenser. Amine (1 equiv), hydroiodic acid (5 mol%), and Nal (1
equiv) was added and dissolved in anisole, sparged with O2, and heated to 130 °C (bath
temperature) for 4.5 h. The reaction mixture was cooled to rt, basified with 10% aqueous NaOH,
and washed with CH2Cl. The organic layer was separated, washed with saturated sodium bisulfite,
NaBH4 in H>O, saturated brine and dried over Na>SQOyg, filtered, and the solvent was removed under

reduced pressure.
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2-(4-(phenanthren-9-yl)butyl)-3-(3-(phenanthren-9-yl)propyl)-7,8,9,10-
tetrahydrobenzo[/]quinoline (161).

The general procedure was used, 5-(phenanthren-9-yl) pentanal (0.50 g, 0.19 mmol), 5,6,7,8-
tetrahydronaphthalen-/-amine (126 pL, 0.908 mmol), Nal (0.136 g, 0.908 mmol), HI (3.4 uL) and
anisole (86 mL). The crude material was purified by column chromatography RF=0.54 (9 : 1

Hexane/EtOAc) to afford an off white solid 0.30 g (52%).

'"H NMR (CDCl3,500 MHz): 8 8.73 (d, J= 8.0 Hz, 1H), 8.67 — 8.64 (m, 2H), 8.59 — 8.56 (m, 1H),
8.07 —8.02 (m, 2H), 7.81 — 7.60 (m, 3H), 7.65 (ddd, J=8.0, 7.0, 1.0 Hz, 1H), 7.60 — 7.51 (m, 9H),
7.44 (d, J = 8.0 Hz, 1H), 7.15 (d, J= 8.0 Hz, 1H), 3.31 (apparent dd, second order coupling, Jup»
=6.0,6.0 Hz, 2H), 3.21 (apparent dd, second order coupling, J4», = 8.0, 7.0 Hz, 2H), 3.10 (apparent
dd, second order coupling, Ju,, = 8.0, 8.0 Hz, 2H), 2.96 (apparent dd, second order coupling, Juyp
=8.0, 7.0 Hz, 2H), 2.93 — 2.89 (m, 4H), 2.20 (quint, J = 8.0 Hz, 2H), 2.05 (quint, J = 8.0 Hz, 2H),

1.96 — 1.83 (m, 6H)

13C NMR (CDCl3, 126 MHz): § 159.6, 145.2, 136.8, 136.8, 135.9, 134.7, 134.2, 132.1, 131.9,

131.7, 131.3, 131.1, 130.7, 130.6, 129.6, 129.6, 128.0, 127.9, 127.8, 126.6, 126.5, 126.5, 126 .4,
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126.3, 126.1, 126.0, 125.9, 125.9, 125.7, 125.0, 124.5, 124.2, 123.7, 123.2, 123.1, 122.4, 122 4,

35.1,33.3, 33.1, 32.0, 30.6, 30.2, 30.0, 28.5, 24.7, 23.2, 23.1

HRMS (ESI) exact mass m/z calculated for C4sH43N is 633.3396, found 633.3397

3-(4-(phenanthren-9-yl)butyl)-2-(5-(phenanthren-9-yl)pentyl)-7,8,9,10-
tetrahydrobenzo[/]quinoline (165).

The general procedure was used, 6-(phenanthren-9-yl) hexanal (0.50 g, 0.18 mmol), 5,6,7,8-
tetrahydronaphthalen-/-amine (120 pL, 0.862 mmol), Nal (0.129 g, 0.862 mmol), HI (3.3 pL) and
anisole (86 mL). The crude material was purified by column chromatography RF=0.36 (9 : 1

Hexane/EtOAc) to afford an off white solid 0.33 g (57%).

'"H NMR (CDCl3,500 MHz):  8.77 — 8.70 (m, 2H), 8.64 (d, J = 8.0 Hz, 2H), 8.13 — 8.06 (m, 2H),
7.80 —7.76 (m, 2H), 7.71 (s, 1H), 7.68 — 7.52 (m, 10H), 7.43 (d, /= 8.0 Hz, 1H), 7.16 (d, /= 8.0
Hz, 1H), 3.34 (apparent dd, second order coupling, Ju» = 6.0, 6.0 Hz, 2H), 3.16 (apparent dd,
second order coupling, J4, = 8.0, 7.0 Hz, 2H), 3.12 (apparent dd, second order coupling, J, =

8.0, 8.0 Hz, 2H), 2.98 (apparent dd, second order coupling, Ju» = 8.0, 7.0 Hz, 2H), 2.91 (apparent
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dd, second order coupling, J,, = 6.0, 6.0 Hz, 2H), 2.82 (apparent dd, second order coupling, Juyp

=38.0, 8.0 Hz, 2H), 2.04 — 1.80 (m, 12H), 1.63 (quint, J= 7.0 Hz, 2H)

13C NMR (CDCls, 126 MHz) 8: 159.8, 137.0, 136.8, 136.4, 134.7, 134.2, 132.5, 132.0, 131.9,
131.3, 131.2, 130.7, 130.7, 129.6, 129.6, 128.0, 128.0, 127.7, 126.6, 126.5, 126.5, 126.4, 126.1,
126.1, 126.0, 126.0, 125.9, 125.8, 125.1, 124.5, 124.4, 123.8, 123.2, 123.2, 122.4, 122.4, 35.3,

33.4,33.3,32.4,30.4, 30.3, 30.0, 29.8, 28.6, 24.8, 23.8, 23.2, 23.1

HRMS (MALDI-FT-ICR) exact mass m/z calculated for CsoHa7N ([M+H]") is 662.3742, found

662.3771

3-(2-(phenanthren-9-yl)ethyl)-2-(3-(phenanthren-9-yl)propyl)-7,8,9,10-
tetrahydrobenzo|/]quinoline (166).

The general procedure was used, 4-(phenanthren-9-yl) butanal (0.078 g, 0.31 mmol), 5,6,7,8-
tetrahydronaphthalen-/-amine (21 puL, 0.15 mmol), Nal (0.022 mg, 0.15 mmol), HI (0.5 pL) and
anisole (14 mL). The crude material was purified by column chromatography RF=0.41 (9 : 1

Hexane/EtOAc) to afford a off white solid 0.051 g (56%).

IH NMR (CDCls, 500 MHz): § 8.77 (d, J = 8.0 Hz, 1H), 8.72 — 8.66 (m, 2H), 8.61 (d, J = 8.0 Hz,

1H), 8.16 — 8.09 (m, 2H), 7.88 (s, 1H), 7.77 — 7.72 (m, 2H), 7.69 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H),
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7.65 —7.46 (m, 10H), 7.20 (d, J= 8.0 Hz, 1H), 3.46 — 3.40 (m, 4H), 33.31 — 3.22 (m, 4H), 3.19 (t,

J=17.0 Hz, 2H), 2.96 (t, J = 6.0 Hz, 2H), 2.49 (quint, J = 8.0 Hz, 2H), 2.03 — 1.89 (m, 4H)

13C NMR (CDCls, 126 MHz): § 159.2, 137.0, 136.8, 135.5, 135.1, 134.8, 134.4, 132.3, 131.9,
131.8, 131.0, 130.7, 129.8, 129.6, 128.2, 128.0, 128.0, 126.7, 126.7, 126.5, 126.4, 126.3, 126.2,
126.2, 126.2, 126.0, 125.8, 124.6, 124.1, 123.9, 123.4, 123.1,123.0, 122.4, 122.4, 35.0, 34.1, 33.0,
32.8,30.3, 28.5,24.9,23.2,23.1

HRMS (MALDI-FT-ICR) exact mass m/z calculated for Cs6H3oN ([M+H]") is 606.3116, found

606.3144

6-ethyl-2-[4-(phenanthren-9-yl)butyl]-3-[|3-(phenanthren-9-yl)propyl]quinoline (168).

— COSY

— TOCSY
A=3.22 ppm
B=3.04 ppm
C=2.98-2.88 ppm
D=2.98-2.88 ppm
E=2.81 ppm
F=2.21 ppm
G=1.95-1.80 ppm
[=1.95-1.80 ppm
J=1.32 ppm

The general procedure was used, 5-(phenanthren-9-yl) pentanal (1.00 g, 3.81 mmol), 4-
ethylaniline (226 pL, 1.82 mmol), Nal (271 mg, 1.82 mmol), HI (6.8 puL) and anisole (150 mL),
The crude material was purified by column chromatography RF=0.20 (9 : 1 Hexane/EtOAc) to

afford an off white solid 0.82 g (79%).
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'"H NMR (CDCl3,400 MHz): 6 8.72 (d, J = 8.0 Hz, 1H), 8.70 — 8.60 (m, 2H), 8.60 — 8.50 (m, 1H),
8.07 —8.02 (m, 2H), 7.93 (d, /= 8.0 Hz, 1H), 7.83 — 7.76 (m, 3H), 7.64 (ddd, /= 8.0, 7.0, 2.0 Hz,
1H), 7.62 — 7.54 (m, 6H), 7.54 — 7.49 (m, 4H), 7.48 (s, 1H), 3.22 (apparent dd, second order
coupling, Jupp) = 8.0, 7.0 Hz, 2H), 3.04 (apparent dd, second order coupling, Juppi) = 8.0, 7.0 Hz,
2H), 2.98 — 2.88 (m(c/p), 4H), 2.81 (q, Jir = 8.0 Hz, 2H), 2.21 (quint, J# = 8.0 Hz, 2H), 1.95 —

1.80 (mn), 4H), 1.32 (t, Jy = 8.0 Hz, 3H)
Alkyl chain assignments were acquired by COSY and TOSCY.

13C NMR (CDCl3, 126 MHz) 8 160.8, 145.4, 141.7, 136.7, 135.8, 134.6, 133.3, 131.9, 131.8,
131.3, 131.1, 130.8, 130.7, 129.7, 129.6, 128.4, 128.0, 128.0, 127.3, 126.7, 126.6, 126.5, 126.5,
126.4,126.2,126.1,125.9, 125.8, 124.5, 124.5, 124.2,123.3, 123.2, 122.5, 122.4,35.7,33.2, 33.1,

32.1,30.7,30.2,29.7,28.8, 15.4

HRMS (MALDI-FT-ICR) exact mass m/z calculated for C4sHsiN ([M+H]")is 608.3273, found

608.3306

EA anal. calcd. for Cs6H4i1N: C, 90.90 %; H, 6.80 %; N, 2.30 %; Found: C, 90.06 %; H, 6.74 %;

N, 2.32 %. Repeat found: C, 90.45 %; H, 6.83 %; N, 2.29 %
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2-(4-(phenanthren-9-yl) butyl)-3-(3-(phenanthren-9-yl) propyl) quinoline (170).

The general procedure was used, 5-(phenanthren-9-yl) pentanal (0.23 g, 0.89 mmol), aniline (39
nL, 0.42 mmol), Nal (0.063 g, 0.421 mmol), HI (1.6 nL) and anisole (40 mL). The crude material
was purified by column chromatography RF=0.28 (9 : 1 Hexane/EtOAc) to afford a pink solid

0.10 g (41%).

'"H NMR (CDCl3,500 MHz): § 8.73 (d, J = 8.0 Hz, 1H), 8.69 — 8.64 (m, 2H), 8.61 — 8.54 (m, 1H),
8.08 — 8.00 (m, 3H), 7.88 (s, 1H), 7.82 — 7.70 (m, 2H), 7.70 (dd, J = 8.0, 1.0 Hz, 1H), 7.68 — 7.61
(m, 2H), 7.60 — 7.54 (m, 6H), 7.54 — 7.49 (m, 3H), 7.48 — 7.42 (m, 1H), 3.23 (apparent dd, second
order coupling, J,,p = 7.0, 7.0 Hz, 2H), 3.05 (apparent dd, second order coupling, J,,, = 8.0, 8.0
Hz, 2H), 3.01 — 2.90 (m, 4H), 2.23 (quint, J = 8.0 Hz, 2H), 1.93 (quint, J = 8.0 Hz, 2H), 1.84

(quint, J= 7.0 Hz, 2H)

13C NMR (CDCls, 126 MHz): § 161.8, 146.6, 136.6, 135.7, 134.9, 133.5, 131.9, 131.7, 131.3,
131.0, 130.8, 130.7, 129.7, 129.6, 128.6, 128.5, 128.0, 128.0, 127.2, 126.9, 126.7, 126.6, 126.5,
126.5, 126.4, 126.2, 126.1, 126.0, 125.8, 125.7, 124.5, 124.2, 123.4, 123.2, 122.5, 122.4, 35.7,

33.3,33.1,32.2,30.7,30.2,29.6
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HRMS (ESI) exact mass m/z calculated for C44H37N ([M+H]")is 580.2960, found 580.2995

7,8-dimethyl-2-[4-(phenanthren-9-yl)butyl]-3-[3-(phenanthren-9-yl)propyl]quinoline (171).

The general procedure was used, 5-(phenanthren-9-yl) pentanal (0.50 g, 1.9 mmol), 2,3-
dimethylaniline (111 pL, 0.908 mmol), Nal (136 mg, 0.908 mmol), HI (3.4 pL) and anisole (86
mL). The crude material was purified by column chromatography RF=0.36 (9 : 1 Hexane/EtOAc)

to afford a white solid 0.22 g (40%).

"H NMR (CDCl3,400 MHz): § 8.73 (d, J = 8.0 Hz, 1H), 8.68 — 8.64 (m, 2H), 8.59 — 8.54 (m, 1H),
8.09 — 8.01 (m, 2H), 7.82 — 7.76 (m, 3H), 7.68 — 7.60 (m, 1H), 7.64 — 7.49 (m, 9H), 7.46 (d, J =
8.0 Hz, 1H), 7.26 (d, /= 8.0 Hz, 1H), 3.22 (apparent dd, second order coupling, J = 8.0, 7.0 Hz,
2H), 3.12 (apparent dd, second order coupling, Ju» = 8.0, 8.0 Hz, 2H), 2.97 (apparent dd, second
order coupling, J,p = 8.0, 7.0 Hz, 2H), 2.91 (apparent dd, second order coupling, Ju»» = 8.0, 8.0
Hz, 2H), 2.75 (s, 3H), 2.48 (s, 3H), 2.20 (quint, J = 8.0 Hz, 2H), 2.06 (quint, J = 8.0 Hz, 2H), 1.87

(quint, J = 8.0 Hz, 2H)
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13C NMR (CDCIl3, 126 MHz) & 159.7, 145.4, 136.9, 135.9, 135.8, 134.7, 133.8, 132.0, 131.7,
131.3, 131.1, 130.7, 130.6, 129.7, 129.6, 128.4, 128.0, 128.0, 126.6, 126.5, 126.5, 126.4, 126.3,
126.2, 126.0, 126.0, 125.9, 125.8, 125.3, 124.5, 124.2, 123.7, 123.3, 123.1, 122.4, 122.4, 35.2,

33.4,33.1, 32.0, 30.5, 30.0, 28.4, 20.5, 13.1

HRMS (MALDI-FT-ICR) exact mass m/z calculated for C4sHas1N ([M+H]") is 608.3273, found

608.3308

EA anal. calcd. for C4sHa1N: C, 90.90 %; H, 6.80 %; N, 2.30 %; Found: C, 89.04 %; H, 6.85 %;
N, 2.27 %. Repeat found: C, 89.28 %; H, 6.81 %; N, 2.35 %. Repeat Found: C, 89.22 %; H, 6.88

%; N, 2.27 %

6,8-dimethyl-2-[4-(phenanthren-9-yl)butyl]-3-[3-(phenanthren-9-yl)propyl]quinoline (172).

The general procedure was used, 5-(phenanthren-9-yl) pentanal (0.5 g, 1.9 mmol), 2,4-
dimethylaniline (113 pL, 0.908 mmol), Nal (136 mg, 0.908 mmol), HI (3.4 puL) and anisole (86
mL). The crude material was purified by column chromatography RF=0.36 (9 : 1 Hexane/EtOAc)
to afford a white solid 0.32 g (58%).
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'"H NMR (CDCl3,500 MHz): & 8.72 (d, J = 8.0 Hz, 1H), 8.68 — 8.63 (m, 2H), 8.59 — 8.54 (m, 1H),
8.07 — 8.01 (m, 2H), 7.81 — 7.76 (m, 2H), 7.73 (s, 1H), 7.67 — 7.60 (m, 1H), 7.60 — 7.49 (m, 9H),
7.30 (s, 2H), 3.22 (apparent dd, second order coupling, Ju,», = 8.0, 8.0 Hz, 2H), 3.09 (apparent dd,
second order coupling, Ju» = 8.0, 8.0 Hz, 2H), 2.95 (apparent dd, second order coupling, J, =
8.0, 7.0 Hz, 2H), 2.91 (apparent dd, second order coupling, J,,», = 8.0, 8.0 Hz, 2H), 2.74 (s, 3H),
2.45 (s, 3H), 2.20 (quint, J = 8.0 Hz, 2H), 2.03 (quint, J = 7.0 Hz, 2H), 1.86 (quint, J = 7.0 Hz,

2H)

13C NMR (CDCl3, 126 MHz) 8 158.9, 144.1, 136.9, 136.2, 135.9, 134.8, 134.2, 133.0, 132.0,
131.7, 131.3, 131.1, 130.7, 130.7, 130.6, 129.7, 129.6, 128.0, 128.0, 127.0, 126.6, 126.5, 126.5,
126.4, 126.3, 126.2, 126.0, 125.9, 125.8, 124.5, 124.2, 123.6, 123.3, 123.1, 122.4, 122.4, 35.1,

33.4,33.1, 32.1, 30.6, 30.0, 29.7, 28.5, 21.5, 17.7

HRMS (MALDI-FT-ICR) exact mass m/z calculated for C4sHas1N ([M+H]") is 608.3273, found

608.3306

EA anal. calcd. for C46H4i1N: C, 90.90 %; H, 6.80 %; N, 2.30 %; Found: C, 87.79 %; H, 6.92 %;

N, 1.93 %. Repeat found: C, 87.71 %; H, 6.95 %; N, 1.92 %
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5,8-dimethyl-2-[4-(phenanthren-9-yl)butyl]-3-[3-(phenanthren-9-yl)propyl]quinoline (173).

The general procedure was used, 5-(phenanthren-9-yl) pentanal (0.5 g, 1.9 mmol), 2,5-
dimethylaniline (113 pL, 0.908 mmol), Nal (0.136 mg, 0.908 mmol), HI (3.4 nL) and anisole (86
mL). The crude material was purified by column chromatography RF=0.62 (7 : 3 Hexane/EtOAc)

to afford a light grey solid 0.21 g (40%).

"H NMR (CDCls,500 MHz): 8 8.73 (d, J= 8.0 Hz, 1H), 8.68 — 8.64 (m, 2H), 8.59 — 8.56 (m, 1H),
8.08 — 8.02 (m, 2H), 7.97 (s, 1H), 7.82 — 7.78 (m, 2H), 7.68 — 7.57 (m, 1H), 7.62 — 7.49 (m, 9H),
7.34 (d,J=7.0 Hz, 1H), 7.15 (d, J= 7.0 Hz, 1H), 3.23 (apparent dd, second order coupling, Ju»»
= 8.0, 8.0 Hz, 2H), 3.11 (apparent dd, second order coupling, J,,, = 8.0, 8.0 Hz, 2H), 3.00 — 2.93
(m, 4H), 2.74 (s, 3H), 2.59 (s, 3H), 2.20 (quint, J = 8.0 Hz, 2H), 2.06 (quint, /= 8.0 Hz, 2H), 1.87

(quint, J = 8.0 Hz, 2H)

13C NMR (CDCls, 125 MHz): § 159.2, 145.7, 136.9, 135.9, 134.6, 132.5, 131.9, 131.7, 131.4,
131.3, 131.2, 131.1, 130.7, 130.6, 129.7, 129.6, 128.0, 128.0, 127.9, 126.6, 126.5, 126.5, 126.4,
126.4,126.2,126.0, 125.9, 125.8, 125.7, 124.5, 124.2, 123.3, 123.1, 122.4, 122.4, 35.0, 33.4, 33.1,

32.4,30.8,30.0, 28.5, 18.5, 17.8
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HRMS (MALDI-FT-ICR) exact mass m/z calculated for C4sHai1N ([M+H]")is 608.3273, found
608.3308

EA anal. calcd. for C46H41N: C, 90.90 %; H, 6.80 %; N, 2.30 %; Found: C, 89.52 %; H, 6.87 %;
N, 2.18 %. Repeat found: C, 89.44 %; H, 6.85 %; N, 2.16 %. Repeat found: C, 89.64 %; H, 6.84

%; N, 2.23 %

2-(4-(phenanthren-9-yl)butyl)-3-(3-(phenanthren-9-yl)propyl)benzo[h]quinoline (174).

The general procedure was used, 5-(phenanthren-9-yl) pentanal (0.20 g, 0.76 mmol), 1-
aminonapthylene (0.052 g, 0.36 mmol), Nal (0.054 g, 0.36 mmol), HI (1.4 puL) and anisole (35
mL). The crude material was purified by column chromatography RF= (9 : 1 Hexane/EtOAc) to

afford a tan solid 0.060 g (26%).

'H NMR (CDCls, 500 MHz): & 9.33 — 9.29 (m, 1H), 8.75 — 8.71 (m, 1H), 8.69 — 8.63 (m, 2H),
8.60 — 8.55 (m, 1H), 8.11 — 8.06 (m, 1H), 8.05 — 8.03 (m, 1H), 7.90 — 7.85 (m, 2H), 7.82 — 7.76
(m, 2H), 7.72 (d, J = 9.0 Hz, 1H), 7.70 — 7.62 (m, 3H), 7.61 — 7.50 (m, 10H), 3.26 (apparent dd,

second order coupling, J4,, = 8.0, 8.0 Hz, 2H), 3.17 (apparent dd, second order coupling, Ju,, =
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8.0, 8.0 Hz, 2H), 3.07 (apparent dd, second order coupling, Ju», = 8.0, 8.0 Hz, 2H), 2.99 (apparent
dd, second order coupling, J, = 8.0, 8.0 Hz, 2H), 2.26 (quint, J = 7.0 Hz, 2H), 2.15 (quint, J =

7.0 Hz, 2H), 1.92 (quint, J = 8.0 Hz, 2H)

13C NMR (CDCls, 125 MHz): § 159.6, 144.1, 136.9, 135.9, 135.0, 133.9, 133.3, 132.0, 131.3,
131.5, 131.4, 131.1, 130.8, 130.7, 129.7, 129.6, 128.0, 128.0, 127.6, 127.4, 126.7, 126.6, 126.6,
126.5, 126.4, 126.4, 126.2, 126.0, 125.8, 125.0, 124.7, 124.6, 124.3, 124.2, 123.3, 123.1, 122.5,

122.4,35.1, 33.5,33.2, 32.1, 30.7, 30.1, 28.8

HRMS (ESI) exact mass m/z calculated for C4gH3oN ([M+H]") is 630.3116, found 630.3154

3-[4-(phenanthren-9-yl) butyl]-2-[5-(phenanthren-9-yl) pentyl]-7,8,9-cyclopental/#]quinoline

(175).

N
C/

The general procedure was used, 6-(phenanthren-9-yl) hexanal (0.50 g, 1.8 mmol), 4-aminodan
(104 uL, 0.862 mmol), Nal (129 mg, 0.862 mmol), HI (3.3 pL) and anisole (86 mL). The crude
material was purified by column chromatography RF=0.48 (9 : 1 Hexane/EtOAc) to afford an off

white solid 0.30 g (54%).
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'"H NMR (CDCl3,500 MHz): & 8.75 — 8.70 (m, 2H), 8.63 (d, J = 8.0 Hz, 2H), 8.14 — 8.06 (m, 2H),
7.81—7.74 (m, 3H), 7.68 — 7.53 (m, 10H), 7.50 (d, /= 8.0 Hz, 1H), 7.34 (d, /= 8.0 Hz, 1H), 3.41
(apparent dd, second order coupling, Ju» = 8.0, 7.0 Hz, 2H), 3.20 — 3.08 (m, 6H), 2.99 (apparent
dd, second order coupling, J,,, = 8.0, 7.0 Hz, 2H), 2.83 (apparent dd, second order coupling, Jupp

=38.0, 7.0 Hz, 2H), 2.22 (quint, J = 8.0 Hz, 2H), 2.00 — 1.80 (m, 8H), 1.63 (quint, J = 8.0 Hz, 2H)

13C NMR (CDCl3, 126 MHz): § 161.1, 144.1, 143.8, 140.9, 136.9, 136.3, 135.0, 132.4, 132.0,
131.9, 131.3, 130.8, 130.8, 129.7, 129.6, 129.6, 128.1, 128.0, 126.6, 126.6, 126.4, 126.2, 126.2,
126.1,126.0, 126.0, 125.8, 125.5, 124.5,124.3, 123.2, 123.1, 122.9, 122.5, 122.5,35.4, 34.1, 33 4,

33.3,32.4,30.8, 30.5,30.2, 29.9, 29.8, 28.8, 24.8

HRMS (MALDI-FT-ICR) exact mass m/z calculated for C4oHasN ([M+H]") is 648.3586, found

648.3618

EA anal. calcd. for C49HasN: C, 90.84 %; H, 7.00 %; N, 2.16 %; Found: C, 90.72 %; H, 7.18 %;

N, 2.07 %. Repeat found: C, 90.73 %; H, 7.18 %; N, 2.01 %

2-[4-(phenanthren-9-yl)butyl]-3-[3-(phenanthren-9-yl) propyl]-1-azatetraphene (176).
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The general procedure was used, 5-(phenanthren-9-yl) pentanal (0.50 g, 1.9 mmol), 2-
aminoanthracene (0.175 g, 0.908 mmol), Nal (136 mg, 0.908 mmol) and hydroiodic acid (3.4 uL)
was dissolved in anisole (86 mL). The crude material was purified by column chromatography

RF=0.42 (9 : 1 Hexane/EtOAc) to afford a tan solid 0.26 g (42%).

'TH NMR (CDCI3, 400 MHz): § 9.02 (s, 1H), 8.77 (s, 1H), 8.75 — 8.70 (m, 1H), 8.70 — 8.62 (m,
2H), 8.61 — 8.55 (m, 1H), 8.39 (s, 1H), 8.13 —8.03 (m, 4H), 7.97 (d, J=9.0 Hz, 1H), 7.86 — 7.77
(m, 3H), 7.68 — 7.51 (m, 12H), 3.28 (apparent dd, second order coupling, J,,, = 8.0, 7.0 Hz, 2H),
3.12-2.97 (m, 6H), 2.33 (quint, J = 8.0 Hz, 2H), 1.96 (quint, J = 8.0 Hz, 2H), 1.88 (quint, J = 8.0

Hz, 2H)

13C NMR (CDCls, 126 MHz): § 160.6, 146.7, 136.6, 135.8, 133.4, 132.0, 131.9, 131.9, 131.8,
131.3, 131.1, 130.8, 130.7, 130.7, 130.4, 130.0, 129.7, 129.6, 128.3, 128.2, 128.0, 127.9, 127.1,
126.7, 126.6, 126.5, 126.5, 126.3, 126.1, 126.1, 126.0, 126.0, 126.0, 125.8, 124.5, 124.3, 124.0,

123.4,123.2,122.5,122.4,121.4, 35.3, 33.3, 33.1, 32.5, 31.1, 30.2, 29.8

HRMS (MALDI-FT-ICR) exact mass m/z calculated for Cs;H4N ([M+H]") is 680.3273, found

680.3306

EA anal. calcd. for Cs2HaiN: C, 91.86 %; H, 6.08 %; N, 2.06 %; Found: C, 90.42 %; H, 6.12 %;

N, 2.06 %. Repeat found: C, 90.38 %; H, 6.07 %; N, 2.05 %
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6-methoxy-3-[2-(phenanthren-9-yl)ethyl]-2-[3-(phenanthren-9-yl)propyl]quinoline (177).

The general procedure was used, 6-(phenanthren-9-yl) hexanal (0.50 g, 1.8 mmol), p-anisidine
(0.11 g,0.86 mmol), Nal (0.13 g, 0.86 mmol), HI (3.2 pL) and anisole (86 mL). The crude material
was purified by column chromatography RF=0.31 (7 : 3 Hexane/EtOAc) to afford a pale-yellow

solid 0.28 g (51%).

'"H NMR (CDCl3,400 MHz): & 8.76 — 8.68 (m, 2H), 8.67 — 8.60 (m, 2H), 8.12 — 8.05 (m, 2H),
7.91 (d,J=9.0 Hz, 1H), 7.81 — 7.75 (m, 2H), 7.70 (s, 1H), 7.68 — 7.51 (m, 10H), 7.28 (d, J=3.0
Hz, 1H), 6.94 (d, J = 3.0 Hz, 1H), 3.90 (s, 3H), 3.17 (apparent dd, second order coupling, Ju,, =
8.0, 7.0 Hz, 2H), 3.11 (apparent dd, second order coupling, Ju» = 8.0, 8.0 Hz, 2H), 2.97 (apparent
dd, second order coupling, J,,, = 8.0, 8.0 Hz, 2H), 2.82 (apparent dd, second order coupling, Juy

=8.0, 8.0 Hz, 2H), 2.00 — 1.80 (m, 8H), 1.63 (quint, J = 8.0 Hz, 2H)

13C NMR (CDCls, 126 MHz): § 159.3, 157.2, 142.6, 136.8, 136.3, 133.9, 133.9, 131.9, 131.8,
131.3, 131.2, 130.8, 130.7, 129.9, 129.6, 129.6, 128.0, 128.0, 126.6, 126.5, 126.4, 126.2, 126.1,
126.0, 126.0, 125.8, 124.5, 124.3, 123.3, 123.2, 122.4, 122.4, 120.9, 104.6, 55.5, 35.5, 33.3, 33.3,
32.3,30.5,30.1, 30.0, 29.9, 29.6
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HRMS (MALDI-FT-ICR) exact mass m/z calculated for C47H43NO ([M+H]") is 638.3378, found
638.3408
EA anal. calcd. for C47H43NO: C, 88.50 %; H, 6.80 %; N, 2.20 %; Found: C, 86.75 %; H, 6.94 %;

N, 2.04 %. Repeat found: C, 86.78 %; H, 7.01 %; N, 2.04 %

6-bromo-3-[2-(phenanthren-9-yl)ethyl]-2-[3-(phenanthren-9-yl)propyl]quinoline (178).

The general procedure was used, 6-(phenanthren-9-yl) hexanal (0.50 g, 1.8 mmol), 4-bromoaniline
(0.15 g, 0.86 mmol), Nal (129 mg, 0.862 mmol), HI (3.2 puL) and anisole (86 mL). The crude
material was purified by column chromatography RF=0.29 (9 : 1 Hexane/EtOAc) to afford a white

solid 0.23 g (40%).

'TH NMR (CDCl3,400 MHz): & 8.76 — 8.69 (m, 2H), 8.64 (apparent dd, second order coupling, Juyp
=8.0,7.0 Hz, 2H), 8.11 — 8.04 (m, 2H), 7.85 (d, /=9.0 Hz, 1H), 7.81 — 7.74 (m, 3H), 7.68 — 7.51
(m, 12H), 3.17 (apparent dd, second order coupling, Ju», = 8.0, 7.0 Hz, 2H), 3.11 (apparent dd,

second order coupling, Ju» = 8.0, 8.0 Hz, 2H), 2.96 (apparent dd, second order coupling, Ju, =
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8.0, 8.0 Hz, 2H), 2.81 (apparent dd, second order coupling, J4», = 8.0, 7.0 Hz, 2H), 1.99 — 1.79 (m,

8H), 1.65 — 1.55 (m, 2H).

13C NMR (CDCl3, 101 MHz): § 162.5, 145.1, 136.7, 136.1, 134.7, 133.7, 131.9, 131.8, 131.8,
131.3, 131.2, 130.8, 130.7, 130.3, 129.7, 129.6, 128.9, 128.3, 128.0, 128.0, 126.7, 126.6, 126.5,
126.5, 126.3, 126.2, 126.1, 126.0, 126.0, 125.9, 124.5, 124.3, 123.3, 123.2, 122.5, 122.4, 119.3,

35.7,33.3,33.3,32.2,30.1, 30.0, 29.9, 29.8, 29.2

HRMS (MALDI-FT-ICR) exact mass m/z calculated for C46H4BrN ([M+H]") is 686.2417, found

686.2413

EA anal. calcd. for C46H40BrN: C, 80.45 %; H, 5.87 %; N, 2.04 %; Found: C, 80.15 %; H, 5.96 %;
N, 1.97 %. Repeat Found: C, 80.02 %; H, 5.93 %; N, 1.99 %. Repeat Found: C, 80.04 %; H, 5.78

%; N, 1.99 %

N, N-dimethyl-3-(4-(phenanthren-9-yl)butyl)-2-(5-(phenanthren-9-yl)pentyl)quinolin-6-
amine (179).
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The general procedure was used, 6-(phenanthren-9-yl) hexanal (0.16 g, 0.58 mmol), N, N-dimethyl-
p-phenylenediamine (0.038 g, 0.28 mmol), Nal (0.041 g, 0.28 mmol), HI (1.0 uL) and anisole (24
mL). The crude material was purified by column chromatography RF= (7 : 3 Hexane/EtOAc) to

afford a pale-yellow green solid 0.045 mg (25%).

'TH NMR (CDCl3,500 MHz): § 8.76 — 8.70 (m, 2H), 8.67 — 8.62 (m, 2H), 8.12 — 8.07 (m, 2H), 7.88
(d, J=9.0 Hz, 1H), 7.81 — 7.76 (m, 2H), 7.68 — 7.51 (m, 11H), 7.29 (apparent dd, second order
coupling, Jup = 9.0, 3.0 Hz, 1H), 6.73 (d, J = 3.0 Hz, 1H), 3.17 (apparent dd, second order
coupling, Ju» = 8.0, 7.0 Hz, 2H), 3.12 (apparent dd, second order coupling, J,,, = 8.0, 8.0 Hz, 2H),
3.05 (s, 6H), 2.95 (apparent dd, second order coupling, Ju», = 8.0, 8.0 Hz, 2H), 2.81 (apparent dd,
second order coupling, J»», = 8.0, 8.0 Hz, 2H), 1.96 (quint, J = 7.0 Hz, 3H), 1.87 (quint, J = 7.0

Hz, 6H), 1.63 (quint, J = 7.0 Hz, 2H)

13C NMR (CDCls, 126 MHz): & 157.8, 148.2, 140.8, 136.9, 136.3, 133.7, 133.4, 131.9, 131.9,
131.3, 130.7, 130.7, 129.6, 129.6, 129.1, 128.5, 128.0, 128.0, 126.9, 126.6, 126.5, 126.4, 126.1,
126.1, 126.0, 126.0, 126.0, 125.8, 124.5, 124.4, 123.2, 123.2, 122.4, 122.4, 118.7, 105.0, 40.9,

35.5,33.3,33.3,32.4, 30.6, 30.1, 30.0, 29.9, 29.8

HRMS (ESI) exact mass m/z calculated for C4sHasN2 ([M+H]") is 651.3695, found 651.3732
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6-ethyl-2-[4-(pyren-1-yl) butyl]-3-[3-(pyren-1-yl) propyl] quinoline (180).

The general procedure was used, 5-(pyren-1-yl) pentanal (0.57 g, 1.9 mmol), 4-ethylaniline (108
nL, 0.948 mmol), Nal (142 mg, 0.948 mmol), HI (3.6 uL) and anisole (86 mL). The crude material
was purified by column chromatography RF=0.27 (8 : 2 Hexane/EtOAc) to afford an off white

solid 0.37 g (60%).

'TH NMR (CDCI3,400 MHz): 6 8.18 (d, J=9.0 Hz, 1H), 8.16 — 8.11 (m, 3H), 8.09 — 7.95 (m, 10H),
7.94 —7.86 (m, 4H), 7.83 (d, J = 8.0 Hz, 1H), 7.79 (s, 1H), 7.72 (d, J = 8.0 Hz, 1H), 7.50 — 7.44
(m, 2H), 3.43 (apparent dd, second order coupling, J,,, = 8.0, 7.0 Hz, 2H), 3.20 (apparent dd,
second order coupling, Ju» = 8.0, 8.0 Hz, 2H), 1.93 — 1.75 (m, 4H), 2.80 (q, J = 8.0 Hz, 2H), 2.24

(quint, J = 8.0 Hz, 2H), 1.93 — 1.75 (m, 4H), 1.31 (t, J = 8.0 Hz, 3H)

I3C NMR (CDCls, 126 MHz): 8 160.8, 145.4, 141.7, 136.9, 135.9, 134.6, 133.3, 131.4, 131.4,
130.9, 130.8, 129.9, 129.7, 129.7, 128.7, 128.5, 128.3, 127.5, 127.4, 127.4, 127.3, 127.2, 127.2,
127.1, 127.1, 126.7, 126.5, 125.7, 125.7, 125.1, 125.0, 125.0, 124.9, 124.8, 124.7, 124.7, 124.7

124.6,124.4,123.5,123.1, 35.6, 33.3, 33.1, 32.3,32.1, 31.8, 29.7, 28.8, 15.4
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HRMS (ESI) exact mass m/z calculated for CsoHaiN ([M+H]") is 656.3273, found 656.3309

3-(2-(pyren-1-yl)-2-(3-( pyren-1-yl)propyl)-7,8,9,10-tetrahydrobenzo[/]quinoline (181).

The general procedure was used, 4-(phenanthren-9-yl) butanal (0.30 g, 1.1 mmol), 5,6,7,8-
tetrahydronaphthalen-/-amine (73.0 pL, 0.53 mmol), HI (1.2 pL) and EtOH (20 mL). The crude
material was purified by column chromatography (9 : 1 Hexane/EtOAc) to afford an off white

solid 0.10 g (30%).

'TH NMR (CDCl3, 700 MHz): & 8.23 (apparent dd, second order coupling, Jp» = 7.0, 7.0 Hz, 2H),
8.17 (d, /= 7.0 Hz, 1H), 8.13 (d, J = 7.0 Hz, 2H), 8.10 (d, J = 7.0 Hz, 1H), 8.05-7.95 (m, 9H),
7.88 (d, J=8.0 Hz, 1H), 7.85 (d, J = 8.0 Hz, 1H), 7.83 (s, 1H), 7.55 (d, /= 8.0 Hz, 1H), 7.47 (d,
J=28.0 Hz, 1H), 7.19 (d, J= 8.0 Hz, 1H), 3.59 (apparent dd, second order coupling, J4, = 8.0, 8.0
Hz, 2H), 3.47 (apparent dd, second order coupling, Ju» = 8.0, 8.0 Hz, 2H), 3.44 (apparent dd,
second order coupling, Ju,, = 6.0, 6.0 Hz, 2H), 3.21 (apparent dd, second order coupling, J, =
8.0, 8.0 Hz, 2H), 3.15 (t, J= 7.0 Hz, 2H), 2.95 (apparent dd, second order coupling, J,, = 6.0, 6.0

Hz, 2H), 2.52 (quint, J = 8.0 Hz, 2H), 2.05 — 1.95 (m, 2H), 1.95 — 1.90 (m, 2H)
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13C NMR (CDCl3, 176 MHz): & 159.1, 145.5, 137.1, 137.0, 135.4, 135.0, 134.4, 132.1, 131.4,
131.4, 130.9, 130.8, 130.0, 129.7, 128.8, 128.5, 128.0, 127.5, 127.4, 127.1, 127.1, 127.0, 126.7,
126.5, 125.8, 125.8, 125.7, 125.2, 125.1, 125.0, 125.0, 125.0, 124.8, 124.8, 124.7, 124.6, 124.6,

123.9, 123.6, 123.4, 122.9, 34.9, 34.4,34.3, 33.1, 30.3, 30.1, 24.9, 23.2, 23.1

HRMS (ESI) exact mass m/z calculated for CsoH3oN ([M+H]") is 654.3116, found 654.3149

2-(4-(pyren-1-yl)butyl)-3-(3-(pyren-1-yl)propyl)-7,8,9,10-tetrahydrobenzo[ /] quinoline
(182).

The general procedure was used, 5-(pyren-l-yl) pentanal (0.20 g, 0.70 mmol), 5,6,7,8-
tetrahydronaphthalen-/-amine (46 pL, 0.33 mmol), HI (1.3 pL) and EtOH (15 mL). The crude
material was purified by column chromatography (8 : 2 Hexane/EtOAc) to afford an off white

solid 0.068 g (30%).

'H NMR (CDCls, 500 MHz): 5 8.18 (d, J = 9.0 Hz, 2H), 8.14 (t, J = 7.0 Hz, 2H), 8.05 (d, J = 8.0
Hz, 4H), 8.03 — 7.95 (m, 6H), 7.94 — 7.86 (m, 2H), 7.83 (d, J = 8.0 Hz, 1H), 7.77 (d, J = 8.0 Hz,

1H), 7.75 (s, 1H), 7.42 (d, J = 8.0 Hz, 1H), 7.15 (d, J = 8.0 Hz, 1H), 3.41 (apparent dd, second
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order coupling, Ju» = 8.0, 8.0 Hz, 2H), 3.35 — 3.24 (m, 4H), 2.97 — 2.84 (m, 6H), 2.23 (quint, J =

7.0 Hz, 2H), 2.02 (quint, J = 8.0 Hz, 2H), 1.94 — 1.81 (m, 6H)

13C NMR (CDCls, 126 MHz): § 159.6, 145.3, 137.2, 136.8, 136.1, 134.7, 134.3, 132.2, 131.5,
131.4, 131.0, 130.9, 130.8, 129.9, 129.7, 128.7, 128.6, 127.9, 127.6, 127.5, 127.4, 127.3, 127.3,
127.3, 127.0, 126.6, 126.4, 125.8, 125.7, 125.1, 125.1, 125.0, 124.9, 124.8, 124.8, 124.7, 124.6,

123.8, 123.6, 123.4, 123.2, 35.1, 33.5, 33.2, 32.2, 32.0, 31.7, 30.3, 28.6, 24.8, 23.2, 23.1
HRMS (ESI) exact mass m/z calculated for Cs;HasN ([M+H]") is 682.3429, found 682.3467

EA anal. calcd. for Cs;HasN: C, 91.59 %; H, 6.36 %; N, 2.05 %; Found: C, 89.85 %; H, 6.61 %;
N, 2.02 %. Repeat Found: C, 90.21 %; H, 6.60 %; N, 2.04 %. Repeat Found: C, 89.77 %; H, 6.49

%; N, 2.04 %
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4. Investigating the Mechanistic Details of the HI-
Catalyzed MCR. Enhancements in MCR Yields,
Selectivity, and Scope

In Chapter 3, I discussed our synthetic approach to access various three-island archipelago
asphaltene-like model compounds. Unfortunately, the low-to-moderate yields obtained from the
MCRs limits the wide application of the method in its current sub-optimized state. Several key
issues contribute to this less-than-optimal performance of the MCR approach, and this chapter is
largely concerned with examining these challenges, along with highlighting the solutions
developed, leading to a more efficient reaction. Naturally, from this effort, an initial, though highly

tentative, picture of the step-by-step mechanism of the reaction will emerge.

Four key issues will be discussed in this chapter. Firstly, 4-cthylaniline was used almost
exclusively in Chapter 3 optimization reactions, yet a truly useful MCR methodology requires that
the reaction work for diverse anilines with varied substitution patterns. The use of bicyclic
substrates such as 5,6,7,8-tetrahydronaphthyl-/-amine is more challenging in these reactions and
requires further investigation. A second issue is the importance of high concentration of oxygen
(ideally, sparging of oxygen gas) to obtain high yields. The working hypothesis is that oxygen is
needed for in situ formation of hydrogen peroxide (H20Oz), which in turn can serve as the key
oxidant in the MCR. The role of oxygen is explored further in this chapter. The significant
promotional effect of excess iodide also required further exploration. The discussion that follows
will show that subtle redox transformations involving iodine are central to the oxidative side of
the catalytic MCR mechanism. Finally, I will discuss, the previously alluded to mass balance

deficiency, which results from undesired aldehyde oxidation. After these issues are addressed, an
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extension in substrate scope will be presented, revealing the full potential of the new optimized

MCR procedures.

4.1. Reoptimizing the reaction parameters: conditions and catalysts

Several of the reactions reported in Chapter 3 were repeated, but using 5,6,7,8 tetrahydronapthyl-
I-amine as the aniline substrate instead of 4-ethylaniline. Gratifyingly, the naphthenic quinoline
product 161 was formed in 52% isolated yield using the previously described semi-optimal

conditions (Eq. 4.1 and Table 4-1).

NH, O ? HI (5 mol%)
Nal (1 equiv)
+
anisole, 130 °C
127b 4.5h,0,

151
2.1 equiv

68% ("H NMR)
52% (Isolated)

Equation 4-1. Semi-optimal conditions identified from Chapter 3.

As expected, the concentration of the oxidant is critical; when this MCR was performed under an
air sparge, instead of pure oxygen, the yield decreased (Table 4-1, entry 2). Surprisingly, reactions
performed using I as the precatalyst, instead of HI, returned higher conversions based on NMR
analysis. It should be noted, however, that isolation and purification of the archipelago compounds
presents a unique challenge, as both higher conversion I> reactions and those catalyzed by HI

126



returned nearly identical isolated yields (Table 4-1, entries 1 and 4). This disparity between

isolated yields and NMR conversions is a recurring theme.

It should be further noted that in most cases reported here, where optimization of reaction
conditions is the primary concern, only "H NMR conversions are reported. In select cases however,
isolated yields are shown in brackets for comparison. A discussion of the challenges associated

with isolating the products of these MCRs will follow.

Table 4-1. Effects of catalyst loading and the presence of Nal additive on the MCR effeciency.

Entry Catalyst Oxidant  Additive 'H NMR Conversion (%)
1 HI (5 mol%) 0)) Nal 68 (52)
28 HI (5 mol%) air Nal 40 (34)
3 - 02 Nal 11
4 Iz (5 mol%) 0)) Nal 83 (56)
5% I> (5§ mol%) air Nal 62 (36)
6 HI (500 mol%) 0)) - 10
7 HI (100 mol%) - 16

Reactions are run in anisole at 130 °C for 4.5 h under a constant, rapid bubbling of oxygen, and one equivalent of Nal
unless otherwise stated. Yields in brackets indicate isolate yield. * During the reaction an air sparge was used in place
of the pure O, sparge. The amount of secondary amine was not quantified during these control reactions. Conversions
acquired by '"H NMR, with an internal standard of hexamethyldisiloxane.

Intriguingly, the presence of very high concentrations of HI leads to very low conversions, as
shown in the last two entries of Table 4-1. The lower conversions could be attributed just to the

excess water, as we noted in an earlier publication.!!?

I However, following the reactions by TLC
revealed a further effect of the high acid concentration. In both cases, the formation of the N-
alkylimine occurs very slowly. We believe that this slow formation of the N-alkylimine allows for

side reactions to occur, as indicated by the several product spots seen by TLC. In fact, the formation

of the N-alkylimine is quite pH sensitive: if the reaction is too acidic, imine formation is extremely
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2251 Thus, by decreasing the rate of N-alkylimine formation, the MCR is almost completely

slow.|
suppressed. Statistically, the difference in conversion between stoichiometric and excess HI is

negligible, and these results confirm that the reaction is optimal when run using catalytic acid.

While the concentrations of HI (or I2) must be kept very low, the acid cannot be completely absent
from the MCR. Results in Table 4-1 show that five mol% HI in the presence of O; and air affords
68% and 40% conversions by NMR, and 52% and 34% isolated yields, respectively. However, in

the absence of HI, the reaction preceeds only to 11% conversion (Table 4-1, entry 3).

Next, the role of water in the reaction was investigated, for comparison to the results reported in a
previous publication.!'?®! In that study, the presence of 150 mol% water was optimal for the MCR,
with significant decreases observed at either higher or lower concentration. In the present case, we
find no statistically significant difference in conversions when the loading of water is increased to
300 mol% (Table 4-2). Conveniently, the concentration of adventitious water in commercial
anisole falls within this optimal range, where no effect is seen on the reaction outcome. Therefore,
for all subsequent MCRs, anisole was used as received, without pre-drying or addition of precise

quantities of water.

Table 4-2. Investigation of the semi-optimal conditions to define the optimal amount of water.

Entry Added Mol% H>O '"H NMR Conversion (%)
1 - 68 (52)
2 150 73 (50)
3 300 67 (51)

Reactions are run in anisole for 4.5 h under a constant, rapid bubbling of oxygen, unless otherwise stated. Amount of
catalyst is 5 mol% HI (57%). The number of additive equivalents is quantified based on the amount of aniline substrate
used. The amount of secondary amine was not quantified during these control reactions. Yield in brackets indicate
isolate yield. Conversions acquired by '"H NMR, with an internal standard of hexamethyldisiloxane.
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Having established that our MCR procedure is suitable, at least, for 5,6,7,8 tetrahydronapthyl-/-
amine and other anilines (vide infra), I turned my attention to understanding the role of molecular

oxygen and iodide.

4.2. The nature of the oxidant in the multicomponent cyclocondensation: defining
and expanding the roles of oxygen and iodide

The classical MCR literature limits the role of oxygen to assisting in the final oxidative

180.181,190.199.226227] The experiments described herein

aromatization to the quinoline product.!
challenge this idea. While elevated oxygen pressure (30 psig) improves the yields significantly,
compared to reactions conducted under air, this effect does not necessarily indicate the direct
involvement of molecular oxygen in the reaction pathway. For example, Guo and co-workers
demonstrated that H>O» is probably the consequential oxidant in these MCR procedures, having

observed that the direct addition of one equivalent of H>O; to the reaction mixture provides

improved yields, at least for simple MCRs (see Scheme 3-3).116!

In my work, control experiments determined that heating HI (57%) under an oxygen atmosphere,
similar to our MCR reactions, continuously generates a low concentration of H2O2 (Eq. 4-2). This
led us to postulate that H,O,, formed in situ under these reaction conditions, is the oxidant that

participates in the reaction.

HI + 0, + H,0139°C, g o, + 10H

Equation 4-2. Reaction equation for the formation of H20,.
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To confirm the hypothesis of in situ formation and direct reactivity of H>O», a series of qualitative
experiments were performed to detect the presence and measure the effects of H,O; (Table 4-3).
A typical reaction mixture, without aldehyde and aniline substrates, was heated under an oxygen
atmosphere and aliquots of this solution were removed and analysed for the presence of H>O».
Upon adding glacial acetic acid (1 mL) and Nal (0.1 g) (Scheme 4-1), the aliquots became pale-
or dark-yellow, indicating the presence of H20,.12%23% Unsurprisingly, a similar yellow solution
is observed for multicomponent reactions where molecular oxygen is present, indicating that H,O»
is consistently present, albeit in low-to-moderate concentration.#2%% Similarly, the reaction
performed under air produces a pale-yellow colouration, presumably due to the substantially lower
concentration of peroxide produced. By contrast, when an inert atmosphere is used in place of

either air or Oz, no peroxide is formed, as evidenced by a colorless solution and poor reactivity.

N
Nal + CH;COOH + 5 mol% HI and anisole —2»  Clear = No peroxide detected
0.lg I mL I mL
Nal + CH;COOH + 5 mol% HI and anisole AT, Pale-Yellow == Low concentration of peroxide
0.1g 1 mL 1 mL
Nal + CH;COOH + 5 mol% HI and anisole O, Yellow == Moderate concentration of peroxide
0.1g 1 mL 1 mL

Scheme 4-1. Qualitative test designed for testing the presence of H,0,.[228-23]

Table 4-3. Qualitative testing for the generation of H>O> under our reaction conditions.

Entry Oxidant Presence of H20:
1 N2 No
2 air Yes
3 0)} Yes

Reactions are run in anisole, 15 mL, for 4.5 h. The amount of catalyst added, 5 mol% HI (57%), is the same amount
of catalyst added in our optimization reactions. The amount of H,O, was determined qualitatively based on a 1 mL
aliquot of solution in Nal (0.1 g) /glacial acetic acid (1 mL) test. The solution colour indicates the presence of H>O,.
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It bears emphasizing that these reactions are purely qualitative; no attempt was made to quantify
the concentrations of H>O» produced. However, H>O» is clearly generated under our reaction
conditions and, together with Guo’s results, support the role of in situ generated H>O; as an

essential oxidant in MCRs, particularly those nominally catalyzed by iodine.

To provide further confirmation, I directly investigated the effects of added H>O> on the MCR
synthesis (Eq. 4-3 and Table 4-4). In order to mimic the supposed slow formation of H>O> under
our reaction conditions, H>O> (30 wt.%) was added dropwise by syringe pump over the course of
the reaction (4.5 h). Following the slow addition, conditions similar to those reported by Guo were
evaluated by the addition of one equivalent of H>O; at the outset. The optimization reactions in
sections 4.3. to 4.5. were characterized by 'H NMR conversions only, used as a quick diagnostic
tool for the overall efficiency of the reaction, which also reveals the extent of side-product
formation, in conjunction with TLC. This was a “rapid screening” of conditions: the results shown

are single point reactions, unless otherwise stated.

NH, )y
0] Acid Cat. (5 mol%)

+ J\M/\/Ar H,0; (1 equiv) N7 Ar
H 2 | 2

Anisole, 130 °C,4.5h
127 b 151 N,

2.1 equiv

Ar= phenanthrene 161

Equation 4-3. Reaction conditions investigating the role of Bronsted acid catalysts and H2O».
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Table 4-4. Control reactions investigating the affect of slow addition of H>O» to the MCR.

Entry Catalyst Oxidant '"H NMR Conversion (%)
1 5 mol% HI H>0O, 60
2 5 mol% HI H202/ 02 63
3 - H20 12

Reactions are run in anisole for 4.5 h at 130 °C under an atmosphere of nitrogen, unless otherwise stated. The
equivalents of H>O, quantified to aniline. A syringe pump administered one equivalent of H,O, over 4.5 h at 130 °C
(1.0 mL solution containing 0.18 mmol of H»0,). Conversions acquired by 'H NMR, with an internal standard of
hexamethyldisiloxane.

When performed under an inert atmosphere, slow addition of hydrogen peroxide (Table 4-4, entry
1) returns a similar yield compared to our semi-optimized conditions (Table 4-1, entry 1).
Furthermore, sparging oxygen into the reaction mixture combined with the slow addition of H20:
does not provide a significant increase in yield relative to the H>O»/inert atmosphere experiment
(Table 4-4, entry 2). These results support the argument that oxygen is simply a precursor for
another active oxidant, in this case H2Oz. In the course of these studies we performed a range of
informative control reactions. The HI catalyst was excluded, leading to a collapse in the yield of
the quinoline (Table 4-4, entry 3). This result is partly attributed to the absence of the Bronsted

acid catalyst, which is needed to promote the formation of the N-alkylimine and subsequent

adducts.

Since HI is pivotal for the optimal MCR, we investigated whether other Bronsted acids could
perform in a similar mannner. As seen in Table 4-5, other Bronsted acids indeed promote the MCR,
however, HI remains optimal, and significantly so. No obvious structure/function relationship
among these acids could be discerned, with HCI, TsOH, and HBr returning comparable results.
The use of other acids was also studied while investigating the MCR sythesis of continental

asphaltene structures, as previously discussed (Chapter 2, Table 2-2).
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Table 4-5. Control reactions investigating other Bronsted acids and H,O,.?

Entry Catalyst® Oxidant 'H NMR Conversion (%)*
1 5 mol% HI H>0O, 84
2 5 mol% TsOH H>0O» 62
3 5 mol% HCI H>0O, 68
4 5 mol% HBr H>0, 58
5 5 mol% CH;COOH H>0» NC¢

aReactions were run in anisole using 0.18 mmol H>O, for 4.5 h at 130 °C under an atmosphere of nitrogen, unless
otherwise stated. The H,O» was added at the beginning of the reaction. °The Bronsted acid catalysts were added as
5% p-toluenesulfonic acid monohydrate, HI (57%), HCI (37%), HBr (48%) and glacial acetic acid. “Conversions
determined by '"H NMR spectroscopy, using an internal standard (hexamethyldisiloxane). “NC: no conversion to MCR
adduct.

Interestingly, adding a stoichiometric quantity of H>O> in one portion at the beginning of the
reaction, combined with the five mol% HI catalyst, affords a nearly clean conversion of the
aldehyde and aniline into the quinoline product, based on inspection of the 'H NMR spectrum.
Only a very small amount of the secondary amine was observed and the overall conversion to the
quinoline was 84% (Table 4-5, entry 1). This may be attributed to the higher concentration of H,O»
intercepting the pro-aromatic reactive intermediate, suppressing the reduction of the N-alkylimine

to secondary amine, diverting it from interfering in the MCR. Further discussion of this process

appears in section 4.4.

Glacial acetic acid did not produce any MCR product. Instead, the aldehyde was oxidized to the
corresponding carboxylic acid and decarboxylated to give n-butylphenanthrene. Only a limited
(unquantified) amount of secondary amine was detected by 'H NMR spectroscopy. The
decarbonylation has literature precedent and will become very important in the determination of

mass balances.[?3!]
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A likely explanation for the results reported in Table 4-5 is that the more highly ionized acids will

(232233] activating it for the cyclocondensation, which is followed

protonate the imine more readily,
by H>O» oxidation to the final quinoline. Also, it is clear that HI has another, functionally critical
role, which is a promotional effect, in the MCR process. Since HI is superior to all other Bronsted
acids tested, the promotional effect must originate with the iodide ion. The discovery of this

secondary role for HI, and the iodide counterion, was fortuitous. This detection changed the

direction of our mechanistic research, which included the use of halide additives.

Table 4-6. Cationic halogen sources as additives to enhance the MCR yields.

Entry Catalyst Additive '"H NMR Conversion (%)
1 HI (5 mol%) Nal (1 equiv)/NBS (1 equiv) 38
2 HI (5 mol%) Nal (1 equiv)/NIS (1 equiv) 41
3 HI (5 mol%) Nal (1 equiv)/NCS (1 equiv) 18

Reactions were conducted in anisole at 130 °C with a continuous oxygen sparge for 4.5 h. Conversions acquired by
"H NMR, with an internal standard of hexamethyldisiloxane. The amount of secondary amine was not quantified.

Our initial experiments investigated the addition of stoichiometric cationic halogen sources to the
reaction. The addition of N-bromosuccinimide (NBS), N-iodosuccinimide (NIS) and N-
chlorosuccinimide (NCS), provided no enhancement (Table 4-6). In fact all three additives led to
decreased conversion. The difference between NBS and NIS is statistically insignificant. This is
not entirely surprising because cationic iodine and bromine are used interchangeably in some
oxidation reactions.!?** 2361 On the other hand, the poor yield of the NCS reaction was not expected,
especially given that catalytic HCI is a reasonable promoter for the MCR (Table 4-6, entry 3).

Further experiments were conducted to understand these results.

When the reactions with N-halosuccinimides were run in the absence of HI, a startling trend was

observed: catalytic NCS was now superior to the other succinimides. Interestingly, in the absence
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of HI, but in the presence of a stoichiometric amount of succinimide, the use of either NBS or NIS
led to a decrease in converson. However, the opposite effect was observed in the presence of NCS.
It is possible that in these reactions interhalogen compounds are formed (i.e. Brl, ICl) which are
both strong oxidizing agents (for promoting aromatization) and strong Lewis acids (to promote
cyclocondensation).!?3-231 A combination of such factors may explain the greater effectiveness of
NCS and NBS compared to NIS (Table 4-7 entries 1, 3, and 4). Increasing the concentration of the
N-halosuccnimide from five mol% to 100 mol% does not improve the yields; in fact, in the case
of NBS, the higer concentration actually inhibits conversion. The reasons for this are not yet
apparent. It should be noted that the presence of some source of iodide remains essential; the yield
of quinoline falls by over 30% if NBS is used without the addition of Nal (Table 4-7, compare
entries 1 and 2). Taken together, the secondary effects of iodide ion are real, but remain

unexplained.

Table 4-7. Investigating other cationic halogen sources as catalyst to enhance the MCR yields.

Entry Catalyst Additive 'H NMR Conversion (%)
1 NBS (5 mol%) Nal (1 equiv) 50
2 NBS (5 mol%) - 21
3 NCS (5 mol%) Nal (1 equiv) 64
4 NIS (5 mol%) Nal (1 equiv) 37
5 - Nal (1 equiv)/NBS (1 equiv) 25
6 - Nal (1 equiv)/NIS (1 equiv) 30
7 - Nal (1 equiv)/NCS (1 equiv) 63

Reactions were conducted in anisole at 130 °C with a continuous oxygen sparge for 4.5 h. Conversions acquired by
'H NMR, with an internal standard of hexamethyldisiloxane. The amount of secondary amine was not quantified.

Initially, the equivalent of Nal was added to maintain a high concentration of iodide throughout

the reaction, however, the solubility of Nal in anisole is low. Nevertheless, we found a correlation
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between the amount of added iodide and the yield of the reaction. The addition of one equivalent
of'iodide increased the overall yields significantly, but excess iodide (2 equiv) suppresses the yield
(see Chapter 3, Table 3-3, entries 5 and 6). This may be due to the deliquescent nature of Nal; a
large excess of this salt may absorb water, which must be present in the reaction mixture to mediate
proton-transfer reactions. However, for the sake of minimizing the number of additives we

returned to the use of catalytic HI, and instead shifted our attention to more soluble sources of

iodide.
Ar
NH, )3
O HI (5§ mol%)
N J\M/\/ Ar  Additive (0.5-1 equiv) N Ar
H > 2
2 Anisole, 130 °C, 4.5 h -
127 b 151
2.1 equiv
Ar= phenanthrene 161

Equation 4-4. General reaction parameters to investigate the differences in iodide additives.

Table 4-8. TBAI vs. Nal additives: Evaluating the difference in soluble iodide reagents.

Entry Oxidant Additive 'H NMR Conversion (%)
1 )} Nal (1 equiv) 68
28 air Nal (1 equiv) 40
3 0} TBAI (1 equiv) 91
4 02 TBAI (0.5 equiv) 60
5% air TBAI (1 equiv) 40
6° H>0> (1 equiv)/air TBAI (1 equiv) 20

Reactions are run in anisole for 4.5 h at 130 °C, unless otherwise stated. The amount of catalyst added in all reactions
is 5 mol% HI (57%). *The reaction was run open to air, no added oxidants. *One equivalent of H>O, was added at the
beginning of the reaction. Conversions acquired by 'H NMR, with an internal standard of hexamethyldisiloxane. The
amount of secondary amine was not quantified.
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Replacing Nal with anisole-soluble tetra-n-butylammonium iodide (TBAI) provides a very
significant improvement in conversion (Table 4-8, entry 3). Surprisingly, this increase in
conversion is only observed under pure oxygen; the corresponding reaction run under air returned
a much lower yield (Table 4-8, entries 3 and 5). When the concentration of TBAI is decreased by
half, the yield falls, indicating that optimized conditions require a full equivalent of TBAI (Table
4-8, entry 4). Replacing the oxygen sparge with one equivalent of H>O> added at the start of the
TBAI-promoted reaction, drastically reduces conversion to quinoline (Table 4-8, entry 6). This we
tentatively attribute to peroxide-induced oxidation/decarboxylation of the starting aldehyde, as 'H
NMR analysis of the reaction mixture shows no unreacted aldehyde. At this stage, the effect of
soluble iodide is clear, although the actual role this species plays in the MCR remains much less

SO.

4.3. Proposal of the oxygen iodine redox reaction

The obvious promotional effect of iodine on the MCR requires further examination. Iodine is a
heavy, electron-rich element, and the high degree of polarizability of its valence shell electrons,
combined with a range of accessible oxidation states, confer it a privileged role in synthetic organic

[233

chemistry.?*3! In fact, the reactivity of high-oxidation state iodine can be favourably compared to

(2331 For our purposes, the variable oxidation state of iodine provides a

that of transition metals.
useful starting point for elucidating its role in the MCR. Our working hypothesis was that the
iodide is oxidized by the combination of iodide, molecular oxygen, and water, giving a hypervalent
species derived from IOH, which is partially or completely converted to H»O,. It is this

combination of oxidants, produced in situ from soluble iodide, that appear to produce optimized

yields of the quinoline-core archipelago compounds.
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Typically, iodine forms compounds and salts as the iodide, formally in the —1 oxidation state.
However, hypervalent iodide compounds are ubiquitous in organic oxidation reactions.**3! Many
easily isolable and stable hypervalent iodine compounds are known, especially ones coordinated

to electron-rich ligands (Figure 4-1).

0 o ICl, I(OAc),
I—
//\ / OAC
o OH AcO” Hae 185 186
183 184 Todine (I1T)

Todine (V)

Figure 4-1. Examples of hypervalent iodide III and V species.

The formation of hypervalent iodine from iodide and H»O> is well-known, particularly in
biochemical systems. One notable example is the iodination of tyrosine in thyroid follicles, which
is facilitated by Is~, formed in situ from the reaction of iodide and H,O> (Figure 4-2).2%1 We
anticipate that a similar equilibrium transformation occurs during the course of the MCR, and that

this hypervalent iodide species acts in place of or promotes the formation of H>O».

H,0, 20H-

2I° W I, (or I37if I" is in excess)

2H"+0, H,0,
Figure 4-2. The formation of the iodonium cation from iodide in the presence of H20.?*"!
The kinetics of hypervalent iodine production from H>O; is the subject of several publications,
some dating as far back as the 1930°s.124024] In 2009, Schmitz addressed the reduction of

iodine(+1) by H20,, catalyzed by buffers of various acidities and iodide concentrations.*”] Two
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equations, in particular, help elucidate the transformations almost certainly occurring in our

reactions (Figure 4-3, equation 4 and 5).

Neutral or dilute acidic solutions Acidic solutions
I,+H,0 =—= IOH +HI 1 IOH + H,0, HI + H,O + O, 6
12 + I_ ES—— 13_ 2 HI + H202 s IOH + HzO 7
IOH =—— I+ OH" 3

I'+H,0+0,

10" + H,0

Figure 4-3. Equilibria equations postulated in neutral and acidic reaction media.!>*!

The conditions of the optimized MCR closely resembles a buffered, dilute acidic solution of iodide
and a high concentration of oxygen. Thus, the equilibrium transformations shown in equations 4
and 5 (Figure 4-3) are particularly pertinent because they describe the exact reagents (I", H2O,
H>0,, and O») present in our reaction mixtures, along with the protonated amine. In our system,
the equilibrium shown in equation 4 is driven to the left: iodide, water, and O are transformed
concomitantly to IO~ and H20:, both active oxidants. The IO is metastable in the presence of
water (Figure 4-3, Eq. 5), proceeding to hydrogen peroxide and regenerating iodide, closing a

catalytic cycle.

These equations provide insight into why added water is critical to the MCR, as determined by
previous work from our group.!'?®! In addition, the high concentration of iodide ions shifts the
equilibrium position of equation 4 to the left, promoting the formation of 10~ and H>O». Excess
iodide can also combine with I>, which can be generated in solution (Figure 4-3, Eq. 1), to form

I3~ (Figure 4-3, Eq. 2). Equation 5 indicates that at high concentration of iodide, some H20: is
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converted into IO, returning H>O to the system. Thus, IO~ (sometimes represented as I") and H20»
are constantly being (re)generated. It can be surmised that HoO» can be both an oxidant for product
formation and for the generation of I", some of which is also generated directly from oxygen
according to equation 6. Therefore, it is conceivable that this combination (oxygen-derived
H>0,/T") works in tandem to promote the oxidation, avoiding diversion of the iminium
intermediate. Unfortunately, we cannot easily determine the precise mixture of active oxidant(s)
involved, but it does allow us to propose a more detailed mechanistic pathway for the MCR

cyclocondensation (Section 4.5.).

4.4. Solving the mass balance deficiency

In the ideal, MCR cyclocondensations are highly efficient and atom-economical. We were thus
particularly concerned with the mass balance issue observed for many of our core anilines. In one
specific optimization reaction (Scheme 4-2), we obtained 'H NMR evidence for at least some
aldehyde decomposition. We wondered to what extent such decomposition accounts for the low

yields obtained from problematic substrates.
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OCH
3 HI (5 mol%)

Nal (1 equiv)
130 °C, 4.5 h, O, sparge

No Reaction

\i

187
NH,
HI (5 mol%)
Nal (1 equiv) .
» No Reaction
anisole, 130 °C,4.5h
127b O, sparge
o HI (5 mol%)
Nal (1 equiv) . . o
Ar > Starting material + Decomposition product
H 2 anisole, 130 °C, 4.5 h
151 O, sparge

Ar= phenanthrene

Scheme 4-2. Background reactions to determine undesirable side reactions resulting in decreased
MCR Yyields.

Background control reactions were conducted to determine the nature and extent of the problem.
Our initial inclination was to focus on anisole iodination/oxidation and, more importantly, aniline
oxidation and/or electrophilic aromatic substitution. However, control reactions in which HI, O»,
Nal and aniline were heated in anisole, most of the starting aniline was recovered (Scheme 4-2).
Conversely, subjecting one of the aldehydes to identical reaction conditions (Scheme 4-2, bottom
reaction) led to the formation of significant aldehyde loss. Although the extent was unquantified,
the qualitative data are definitive. This loss of aldehyde can occur by various pathways, including
oxidation to carboxylic acid and decarbonylation to the corresponding alkane. Powers and co-
workers described a similar oxidation of aldehydes to carboxylic acid in the in the presence of
oxygen and a range of hypervalent iodine reagents.[**3 In our case, however, no carboxylic acid is
produced. Instead, in the presence of H20-, the aldehyde undergoes decarbonylation or, once
oxidized, rapid decarboxylation. The latter is not an uncommon process, one that has been

[249

identified and studied in the decarboxylation of pyruvic acid.***! In our case, the formation of
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H>03 in high concentration leads to the formation of n-butylphenanthrene 188, isolated by column
purification (Figure 4-4). In addition, at the elevated reaction temperature, the potential for
aldehyde decarbonylation is also possible. However, without the use of a transition metal catalyst
(typically palladium or rhodium), decarbonylation is likely too slow to be competitive with

oxidation/decarboxylation.[2>%-21]

188

Figure 4-4. n-Butylphenanthrene from oxidative decomposition of aldehyde 151.

We sought to limit oxidative decomposition of our valuable aldehyde by conducting the reaction
in the presence of a more reactive sacrificial aldehyde that would not compete with MCR imine
formation. The presence of one equivalent of pivaldehyde indeed suppresses undesired
decarboxylation, increasing the isolated yields significantly (Scheme 4-3, Table 4-9, entry 1). By
comparison, a reaction performed without pivaldehyde, but under otherwise identical conditions
returns only 68% of the desired quinoline (see Table 4-8, entry 1, above). This procedure, however,
requires that the N-alkylimine be pre-formed stoichiometrically before the pivaldehyde is added.
Without this change, a mixture of N-alkylimines was obtained, presumably due to competitive
imine formation. In any case, this result clearly indicates that the MCR aldehyde suffers from
oxidative decarboxylation, leading to diminished MCR yields. The addition of a second equivalent
of pivaldehyde has an unexpectedly deleterious effect (Scheme 4-3, Table 4-9, entry 2): the
sacrificial aldehyde evidently reacts competitively and irreversibly with the external oxidants
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(H202 or IO") present in the medium, leading again to secondary amine formation. In this

experiment, a significant, but unquantified amount of the secondary amine was recovered.

Ar
NH, HI (5 mol%) )5
O Nal (1 equiv)
+ H)%Ar ‘BuCHO (1-2 equiv) NI N 2Ar
Anisole, 130 °C,4.5h _—
127 b 151 0, sparge
2.1 equiv
Ar= phenanthrene 161
Ar
NHZ )3
O HI (5 mol%) A
+ HJ\WAr Nal (1 equiv) . N B r
2 Anisole, 130 °C, 4.5 h |
127 b 151 O, sparge
3 equiv
Ar= phenanthrene 161

Scheme 4-3. The effect of a sacrificial aldehyde addition (pivaldehyde or an excess of substrate)
to inhibit decomposition of the aldehyde 151.

Table 4-9. Effects of sacrificial aldehyde: '‘BuCHO vs. three equivalents of compound 151.

Entry Solvent Temp. (°C) Oxidant Additive 'H NMR Conversion (%)
1 anisole 130 0]} ‘BuCHO (1 equiv) 85
28 anisole 130 0]} ‘BuCHO (2 equiv) 34
3 anisole 130 0)} 151 (3 equiv) >95

Reactions were conducted using five mol% HI (57%) over a reaction period of 4.5 h. All reactions included Nal (1
equiv). “Entries one and two, the reaction is performed step wise with the imine generated in sifu in the presence of
the HI catalyst. Once the imine is formed, the second equivalent of aldehyde and pivaldehyde is added and the reaction
run for the allotted time. Conversions acquired by '"H NMR, with an internal standard of hexamethyldisiloxane. The
amount of secondary amine obtained as a biproduct was not quantified.

To circumvent aldehyde decomposition and suppress secondary amine formation, we resorted to

the addition of an extra equivalent of “precious” substrate aldehyde, a benign (but inelegant)
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sacrificial reductant. In the presence of three equivalents of compound 151, an almost quantitative
yield of quinoline was isolated (Scheme 4-3, Table 4-9, entry 3). Obviously, using excess substrate
aldehyde is not acceptable synthetically, given that the compound is neither commercially

available nor trivial to prepare.

4.5. Ramifications of control reactions and MCR optimization: a refined mechanistic
rationale

The cumulative results obtained allow for a plausible, dual-catalytic mechanism to be proposed
for the cyclocondensation between alkyl-tethered a,w-aryl aldehydes and substituted anilines. The
mechanistic proposal builds on typical proposals from the literature, but introduces significant

variations, particularly as it relates to the role of iodide.

The first step in the MCR is a simple acid-catalyzed condensation between one equivalent of
aldehyde 151 and aniline 127b to give the neutral imine 162 and a catalytic amount of iminium
cation 189 (Scheme 4-4). Beyond this point, there are divergent proposals regarding the fate of the
imine, depending on substrate and reaction parameters. Traditional rationales invoke either an
imino-Diels-Alder reaction or a stepwise Mannich-like cyclocondensation of the imine with the
enol tautomer of the second aldehyde. Another, less frequently invoked rationale,!'®¥ requires
equilibrium formation of an enamine tautomer, which then undergoes one-electron oxidation to

give a radical cation intermediate (further discussed in Chapter 5).

In the imino Diels-Alder/Mannich-like cycloaddition, the iminium cation 189 (Scheme 4-4) is
highly electrophilic, inducing much lower activation barrier(s) for subsequent

condensation/cyclization steps.
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NH, H

|
N& Ar N& Ar
162

189
127 b 151

Scheme 4-4. Protonation of imine to form the activated diene iminium intermediate.

The cyclocondensation occurs either by a stepwise or concerted process. The aldehyde enol can
act as the dienophile in an inverse electron-demand Diels-Alder reaction (Scheme 4-5, I->1I). Or,
a completely asynchronous (i.e., stepwise) pathway where the enol initially adds to the iminium
intermediate, followed by electrophilic arylation of the pendant protonated aldehyde. This is,

essentially, a Friedel-Crafts reaction (Scheme 4-5, III2>TV->1I).

R R R R R
R\[,J\/OH R OH R\[,V\ OH R OH R OH
| | !
N — __N& N < N0 ~ _Na
H ® H'® H @\© H - H e
I I I v I
[4+2] synchronous cyclization [4+2] stepwise cyclization

Scheme 4-5. Cyclization process to form the tetrahydroquinoline intermediate.

Extensive density functional theory (DFT) has been conducted to discern the mechanistic pathway
of the closely related Povarov reaction.[**>?33! DFT computations by Domingo and co-workers
showed that the mechanism can be both concerted and stepwise processes, depending on the
reaction conditions.*>?! Based on our results, we suggest that this cyclocondensation proceeds via
a stepwise process. This hypothesis is based on the analysis of the scope of the reaction (Chapter

3), which indicates that the cyclization is highly sensitive to slight variations in the position and
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electronic nature of the aniline substituents. Furthermore, we speculate that the cyclization event
is likely to be comparatively much slower than the iminium reaction, possibly due to torsional
distortions that inhibit good orbital overlap (Scheme 4-5, IV). This prediction requires further

extensive experimentation or, better, computational modeling.

At this point, our mechanistic proposal diverges from well-established precedent and literature
proposals. Among the most significant challenges in this reaction is to suppress the participation
of the protonated N-alkylimine as the oxidant for the aromatization step, leading to the formation

of the undesired secondary amine 164 (Eq. 4-5).

g g
N Ar N _ Ar
® 3 3
189 164

+ +

H

I H

N Ar N Ar

3 ~ 3

7 Ar = Ar

163 ° 161 °

Equation 4-5. Undesired secondary amine formation resulting from aromatization to generate
the final quinoline compound.

To inhibit the formation of secondary amine, we focused on increasing the concentration of
‘external’ oxidants, H>O»/I", by elucidating and optimizing the native oxidants involved in the
aromatization step. As a result, the unproductive imine reduction was reduced substantially or

eliminated entirely.
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The culmination of the individual events can be combined into a full catalytic mechanism (Scheme
4-6). Subsequent to acid-catalyzed N-alkylimine formation, the iminium intermediate condenses
with the enol tautomer, which undergoes a stepwise dipolar cyclization to generate the transient
iminium intermediate 191. Tautomerization and dehydration affords the partially rearomatized
dihydroquinoline 192. From control reactions run with a deficiency of oxidant, the concentration
of peroxide is too low to trap the pro-aromatic intermediate, leaving only the hydride transfer to
the iminium intermediate. However, with efficient formation of the I'/H,O, combination, the

inorganic oxidation effectively competes with the unproductive consumption of the N-alkylimine.

NH, H
|
NWAr
R o Aar Y HLE mol%) ©/ SRR - At
151
151 R 190
53/105/127
— nytn )
) "
N Ar ) N Ar N Ar
R N3 Basic work-up R ~ 3 -H,0 R “® 3
= Ar = Ar Ar
3 3 H 3
193 L 192 ] OH
191

Scheme 4-6. Proposed MCR mechanism which incorporates the new oxidants identified from
the control reactions.

Although, it is unclear which oxidant is kinetically dominant, it is likely the entire mixture of
species (IOH, 137, and H>0») act together to enhance the rate of productive aromatization. The
rearomatization is believed to occur by one of two potential pathways: (1) hydrogen peroxide
formally abstracts hydride to yield the fully aromatized quinoline,!'°%?* or (2) in the presence of

iodide/iodine(I), a catalytic oxidation occurs, with regeneration of buffered HI, the active (dual)
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catalyst (see Figure 4-3). In either event, when the concentration of soluble oxidant(s) is high, the

undesirable reactions are inhibited, substantially enhancing product yields.

4.6. Scope of the MCR under reoptimized reaction parameters. Problematic
substrates

In conjunction with our improved understanding of the active catalysts and redox systems, we re-
evaluated the cyclocondensation reaction for a limited number of substituted anilines. The
compounds were selected to highlight differences with the partly optimized conditions described
in Chapter 3 and to confirm the generality of the revised oxidation conditions. The compounds
represent the most challenging aniline derivatives; all returned low yields yet remain substrates of

particular interest to our collaborators.

The precise conditions implemented retain the use of anisole as solvent, combining the aniline
substrate (1 equiv), 5-(phenanthren-9-yl) pentanal (2.1 equiv), HI catalyst (5 mol%, 57% aq), and
TBAI (1 equiv) under an oxygen sparge, with heating to 130 °C (bath temperature). A reaction

time of 4.5 h was sufficient for all of the reactions to reach completion (Eq. 4-6).

Ar

NH, )
O HI (5 mol%) A
+ HJ\M/\/Ar TBAI (1 equiv) N r

i 3 Anisole, 130 °C, 4.5 h | 2
151 0. s
> Sparge
2.1 equiv

161

Equation 4-6. Optimal reaction conditions implemented to form a few quinoline-cored three
island archipelago compounds.
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Using these conditions, four anilines were reinvestigated: aniline, 5,6,7,8-tetrahydronapthylen-/-
amine, 2,3-dimethylaniline, and 1-aminonapthylene, shown as red fragments in Figure 4-5. Yields
of the archipelago adducts, as reported in Chapter 3, were 52% (161), 41% (170), 40% (171), and

26% (178), respectively (Figure 4-5).

161 (52%) 170 (41%) 171 (40%) 178 (26%)

Yields are reported as isolated O —— Phenanthrene

Figure 4-5. Isolated quinoline-core compounds synthesized using Nal as the iodide source in
Chapter 3.

The new reaction conditions resulted in a significant enhancement for all but one of the substrates.
In particular, the yields for 5,6,7,8-tetrahydronapthylen-/-amine, aniline, and 1-aminonapthylene
derivatives increased (Figure 4-6). For both 5,6,7,8-tetrahydronapthylen-/-amine and aniline, 'H
NMR yields increased to > 90%. The 'H NMR yield from 1-aminonapthylene, the most

challenging substrate, nearly doubled, giving a still modest 50% yield of benzoquinoline 178

(Figure 4-6). Only 2,3-dimethylaniline failed to afford a significantly improved yield.
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161 170 171 178
90% ('"H NMR) 90% ('H NMR) 45% ('"H NMR) 50% ("H NMR)
54% (Isolated) 48% (Isolated) 40% (Isolated) 38% (Isolated)

O =—— Phenanthrene

Figure 4-6. Three-island quinoline-core archipelago-like structures synthesized from the new
optimal conditions.

For 2,3-dimethylaniline, close inspection of product mixture showed that the amount of secondary
amine by-product was approximately equivalent to that of the desired product. One reasonable
explanation is that subtle differences in the conformations of the pro-aromatic intermediates alter
the relative effectiveness of the inorganic oxidants (i.e., Scheme 4-6, intermediate 192). More
likely, perhaps, is that the loss of hydride is extremely facile for this intermediate, outpacing the
rate of peroxide/iodonium generation. Among other contributions, the high reaction temperature
(130 °C) raises the possible intervention of suprafacial 1,5-hydride shift(s) prior to oxidative
aromatization, changing the relative accessibility of the hydride location (Scheme 4-7). This

possibility has not been investigated.
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192.1 192.2

Potential 1,5 suprafacial hydride shifts “

O — Phenanthrene

192.5

Scheme 4-7. Potential subsequent 1,5 hydride shifts that may occur during the final stages of the
MCR.

At this stage, the most noteworthy deficiency in the archipelago MCR process is isolation of pure,
crystalline products in yields comparable to the NMR yields. Purification of the benzoquinoline
compounds by recrystallization has not proved fruitful. Column chromatography, which is perhaps
the most ubiquitous bench-scale separation technique in synthetic organic chemistry, is of only
limited utility here. In Chapter 3, the desired products were easily obtained from the column in
high purity, albeit in low yields. However, after the reaction was optimized, the same adducts
behave much differently — only a portion of the desired material is eluted from the column.
Chromatography on basic alumina is equally unsuccessful. I suspect a combination of self-
association and irreversible absorption to the Lewis acidic sites on the chromatography support
prevents elution, leaving much of the adduct on the column. The most common solution to this

challenge is to ‘prewash’ the column with triethylamine — a strong enough base to passivate the
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most acidic binding sites. This procedure also fails to improve the elution of the quinoline. Efforts
continue to address this problem, either with reverse-phase supports or the use of amine-

functionalized silica gel, which is known to simplify purification of strongly basic eluents.?>"]

Purification issues aside, we recently re-discovered that sunlight and oxygen induce decomposition

256-2581 We now understand that a similar decomposition on the benchtop

of polycyclic quinolines.!
plays a significant role in the purification challenges we encountered. In order to address this
problem, we are currently investigating procedures that will allow us to purify the products under

strictly anaerobic conditions. Other potential options are discussed in Chapter 5, along with some

unpromising results.

In summary, we have successfully synthesized a range of difficult-to-prepare highly elaborated
benzoquinoline model compounds, providing (for now) optimized reaction conditions and
continued diversification of accessible structures. This procedure has afforded gram quantities of
pure archipelago model asphaltenes, which our collaborators are using for a comprehensive
investigation of aggregation and precipitation behaviour, as well as standards for developing new

analytical methods to characterize the heaviest fractions of crude oils.

Experimental Section

General experimental information can be found in Chapter 3. I, aqueous HI (57 wt.%), aqueous
HCI (37 wt.%), HBr (48 wt.%), H202 (30 wt.%), p-toluenesulfonic acid monohydrate, NBS,
NCS, NIS, Nal, TBAI, pivaldehyde, and anisole were purchased from commercial sources and

used as received.
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The structural characterization of the MCR quinoline compounds depicted in section 4.1.9. is
provided in Chapter 3. For the MCR optimizations, I was assisted by (then) undergraduate co-

worker, Mark Aloisio.

4.7. MCR optimization: general synthetic procedure

5-(Phenanthren-9-yl) pentanal (0.10 g, 0.38 mmol) was added to a 50 mL three-neck RBF flask
equipped with a reflux condenser. 5,6,7,8-Tetrahydronaphthalen-/-amine (25 pL, 0.18 mmol),
additives (1 equiv), Brensted acid catalyst (5-500 mol%) was dissolved in anisole (15 mL) and
heated 130 °C (bath temperature) for 4.5 h. The reaction mixture was cooled to rt, basified with
10% aqueous NaOH, and washed with CH>Cl,. The organic layer was separated, washed with
saturated sodium bisulfite (15 mL), NaBH4 (100 mg) in H>O (15 mL), saturated brine and dried
over NaxSOy, filtered, and the solvent was removed under reduced pressure. Hexamethyldisiloxane

(4.3 pL, 0.020 mmol) was added as an internal standard for 'TH NMR analysis.

(T4-1.1) The general procedure was used, Nal (0.027 mg, 0.18 mmol) and HI (0.7 uL) (‘H NMR

conversion: 68%, Isolated yield: 52%)

(T4-1.2) The general procedure was used, Nal (0.027 g, 0.18 mmol), HI (0.7 uL), open to air ('"H

NMR conversion: 40%, Isolated yield: 34)
(T4-1.3) The general procedure was used, Nal (0.027 g, 0.18 mmol) (‘H NMR conversion: 11%)

(T4-1.4) The general procedure was used, Nal (0.027 g, 0.18 mmol) and I, (0.002 g) (‘"H NMR

conversion: 83%, Isolate yield: 56%)
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(T4-1.5) The general procedure was used, Nal (0.027 g, 0.18 mmol), I» (0.002 g), and open to air

("H NMR conversion: 62%, Isolate yield: 36%)
(T4-1.6) The general procedure was used and HI (68 pL) (\H NMR conversion: 10%)
(T4-1.7) The general procedure was used and HI (14 pL) (\H NMR conversion: 16%)

(T4-2.1) The general procedure was used, Nal (0.027 g, 0.18 mmol) and HI (0.7 pL) ("H NMR

conversion: 68%, Isolated yield: 52%)

(T4-2.2) The general procedure was used, Nal (0.027 g, 0.18 mmol), H>O (4.9 uL, 0.27 mmol)

and HI (0.7 uL) ("H NMR conversion: 73%, Isolated yield: 50%).

(T4-2.3) The general procedure was used, Nal (0.027 g, 0.18 mmol), H>O (9.8 puL, 0.55 mmol),

and HI (0.7 uL) ("H NMR conversion: 67%, Isolated yield: 51%).

(T4-3.1) A mixture of anisole (15 mL) and hydroiodic acid (0.7 pL) was added into a 25 mL
round-bottom flask equipped with a magnetic stir bar and heated to 130 °C (bath temperature),
under inert atmosphere, for 1 h. Following the 1 h stir period, a 1 mL aliquot of solution was
removed and added to a mixture of glacial acetic acid (1 mL) and Nal (0.1 g). The resulting

solution remained clear indicating no peroxide formation.

(T4-3.2) A mixture of anisole (15 mL) and hydroiodic acid (0.7 pL) was added into a 25 mL
round-bottom flask equipped with a magnetic stir bar and heated to 130 °C (bath temperature),
open to air, for 1 hr. Following the 1 h stir period, a 1 mL aliquot of solution was removed and
added to a mixture of glacial acetic acid (1 mL) and Nal (0.1 g). The resulting solution turned pale-

yellow indicating a low concentration of peroxide has formed.
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(T4-3.3) A mixture of anisole (15 mL) and hydroiodic acid (0.7 pL) was added into a 25 mL
round-bottom flask equipped with a magnetic stir bar, sparged with O, and heated to 130 °C (bath
temperature) for 1 h. Following the 1 h stir period, a 1 mL aliquot of solution was removed and
added to a mixture of glacial acetic acid (1 mL) and Nal (0.1 g). The resulting solution turned

yellow indicating a medium concentration of peroxide has formed.

(T4-4.1) The general procedure was used, HI (0.7 uL), H2O2 (30 wt%, 6 uL in 1 mL of anisole,

0.18 mmol) was added by syringe pump under inert atmosphere ('H NMR conversion: 60%)

(T4-4.2) The general procedure was used, HI (0.7 uL) and H2O» (30 wt%, 6 pL in 1 mL of anisole,

0.18 mmol) was added by syringe pump with sparging O2 (‘H NMR conversion: 63%)

(T4-4.3) The general procedure was used, H>O> (30 wt%, 6 pL in 1 mL of anisole, 0.18 mmol)

was added by syringe pump under inert atmosphere (‘"H NMR conversion: 12%)

(T4-5.1) The general procedure was used, HI (0.7 puL), H2O2 (30 wt%, 6 pL, 0.18 mmol), under

inert atmosphere ("H NMR conversion: 84%)

(T4-5.2) The general procedure was used, p-toluenesulfonic acid monohydrate (1.7 mg, 0.009

mmol), H,O02 (30 wt%, 6 pL, 0.18 mmol), under inert atmosphere ('"H NMR conversion: 62%)

(T4-5.3) The general procedure was used, HCI (0.3 pL), H>O2 (30 wt%, 6 pL, 0.18 mmol), under

inert atmosphere ("H NMR conversion: 68%)

(T4-5.4) The general procedure was used, HBr (0.5 pL), H>2O2 (30 wt%, 6 pL, 0.18 mmol), under

inert atmosphere ("H NMR conversion: 58%)

(T4-5.5) The general procedure was used, glacial acetic acid (0.5 pL), H202 (30 wt%, 6 pL, 0.18

mmol), under inert atmosphere (NC = no conversion).
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(T4-6.1) The general procedure was used, Nal (0.027 g, 0.18 mmol), HI (0.7 uL), NBS (0.032 g,

0.18 mmol) ("H NMR conversion: 38%)

(T4-6.2) The general procedure was used, Nal (0.027 g, 0.18 mmol), HI (0.7 pL), NIS (0.041 g,

0.18 mmol) ("H NMR conversion: 41%)

(T4-6.3) The general procedure was used, Nal (0.027 g, 0.18 mmol), HI (0.7 uL), NCS (0.024 g,

0.18 mmol) ("H NMR conversion: 18%)

(T4-7.1) The general procedure was used, Nal (0.027 g, 0.18 mmol), NBS (0.002 g, 0.009 mmol)

("H NMR conversion: 50%)

(T4-7.2) The general procedure was used, Nal (0.027 g, 0.18 mmol), NBS (0.002 g, 0.009 mmol)

("H NMR conversion: 21%)

(T4-7.3) The general procedure was used, Nal (0.027 g, 0.18 mmol), NCS (0.001 g, 0.009 mmol)

("H NMR conversion: 64%)

(T4-7.4) The general procedure was used, Nal (0.027 g, 0.18 mmol), NIS (0.002 g, 0.009 mmol)

(*H NMR conversion: 37%)

(T4-7.5) The general procedure was used, Nal (0.027 g, 0.18 mmol), NBS (0.032 g, 0.18 mmol)

("H NMR conversion: 25%)

(T4-7.6) The general procedure was used, Nal (0.027 g, 0.18 mmol), NIS (0.041 g, 0.18 mmol)

("H NMR conversion: 30%)

(T4-7.7) The general procedure was used, Nal (0.027 g, 0.18 mmol), NCS (0.024 g, 0.18 mmol)

(*H NMR conversion: 63%)
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(T4-8.1) The general procedure was used, Nal (0.027 g, 0.18 mmol), HI (0.7 uL) ("H NMR

conversion: 68%).

(T4-8.2) The general procedure was used, Nal (0.027 g, 0.18 mmol), HI (0.7 uL), open to air ('"H

NMR conversion: 40%).

(T4-8.3) The general procedure was used, TBAI (0.067 g, 0.18 mmol), HI (0.7 pL) (‘"H NMR

conversion: 91%)

(T4-8.4). The general procedure was used, TBAI (0.034 g, 0.091 mmol), HI (0.7 uL) (‘"H NMR

conversion: 60%)

(T4-8.5). The general procedure was used, TBAI (0.067 g, 0.18 mmol), HI (0.7 uL), open to air

("H NMR conversion: 40%)

(T4-8.6) The general procedure was used, TBAI (0.067 g, 0.18 mmol), H>O> (30 wt%, 6 puL, 0.18

mmol), HI (0.7 uL), open to air ('"H NMR conversion: 20%)

(Control 1) A mixture of Nal (27 mg, 0.182 mmol), and hydroiodic acid (0.7 pL) was dissolved
in anisole (15 mL), sparged with O, and heated to 130 °C (bath temperature) for 4.5 h. No

background reaction was identified.

(Control 2) A mixture of 5,6,7,8-tetrahydronaphthalen-/-amine (25 pL, 0.182 mmol), Nal (27
mg, 0.182 mmol) and hydroiodic acid (0.7 pL) was dissolved in anisole (15 mL), sparged with O,

and heated to 130 °C (bath temperature) for 4.5 h. No background reaction was identified.

(Control 3) A mixture of 5-(phenanthren-9-yl) pentanal (0.10 g, 0.381 mmol), Nal (27 mg, 0.182

mmol) and hydroiodic acid (0.7 pL) was dissolved in anisole (15 mL), sparged with O, and heated
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to 130 °C (bath temperature) for 4.5 h. The result of this experiment showed that there is minor

decomposition of the aldehyde but was not quantified.

(T4-9.1) The general procedure was used, and the reaction is performed stepwise. The imine is
first generated by stirring HI (0.7 puL), amine and one equivalent of aldehyde at rt for 1 h. Once
formed, as indicated by TLC analysis the second equivalent of aldehyde, Nal (0.027 g, 0.18 mmol),

and ‘BuCHO (20 pL, 0.18 mmol) is added and heating is started (\H NMR conversion: 85%)

(T4-9.2) The general procedure was used, and the reaction is performed step wise. The imine is
first generated by stirring HI (0.7 uL), amine and one equivalent of aldehyde at rt for 1 h. Once
formed, as indicated by TLC analysis the second equivalent of aldehyde, Nal (0.027 g, 0.18 mmol),

and '‘BuCHO (20 pL, 0.18 mmol) is added and heating is started ('"H NMR conversion: 34%)

(T4-9.3) The general procedure was used, 5-(phenanthren-9-yl) pentanal (0.14 g, 0.55 mmol), Nal

(0.027 g, 0.18 mmol) and HI (0.7 pL) (‘H NMR conversion: >95%)

4.8. Scope of multicomponent reaction compounds. Optimized conditions

General procedure for optimized MCR synthesis

A mixture of an alkyl-tethered a,w-aromatic aldehyde (2.1 equiv) was added to a three-neck RBF
flask equipped with a reflux condenser. Amine (1 equiv), hydroiodic acid (5 mol%), and TBAI (1
equiv) was added and dissolved in anisole, sparged with O, and heated to 130 °C (bath
temperature) for 4.5 h. The reaction mixture was cooled to rt, basified with 10% aqueous NaOH,
and washed with CH>Cl,. The organic layer was separated, washed with saturated sodium bisulfite,
NaBH4 in H>O, saturated brine and dried over Na>SQOyg, filtered, and the solvent was removed under
reduced pressure.
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2-(4-(phenanthren-9-yl)butyl)-3-(3-(phenanthren-9-yl)propyl)-7,8,9,10-
tetrahydrobenzo[/]quinoline (161).

The general procedure was used, 5-(phenanthren-9-yl) pentanal (0.10 g, 0.38 mmol), 5,6,7,8-
tetrahydronaphthalen-/-amine (25 pL, 0.18 mmol), TBAI (0.066 g, 0.18 mmol) and hydroiodic
acid (0.7 uL) was dissolved in anisole (15 mL). Hexamethyldisioloxane (4.3 pL, 0.020 mmol) was
added as an internal standard ("H NMR yield: 90%). The crude material was purified by column

chromatography RF=0.54 (9 : 1 Hexane/EtOAc) to afford an off white solid 0.062 g (54%).

2-(4-(phenanthren-9-yl) butyl)-3-(3-(phenanthren-9-yl) propyl) quinoline (170).
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The general procedure was used, 5-(phenanthren-9-yl) pentanal (0.10 g, 0.38 mmol), aniline (17
puL, 0.18 mmol), TBAI (0.067 mg, 0.18 mmol) and hydroiodic acid (0.7 uL) was dissolved in
anisole (15 mL). Hexamethyldisioloxane (4.3 puL, 0.020 mmol) was added as an internal standard
("H NMR yield: 90%). The crude material was purified by column chromatography RF=0.28 (9 :

1 Hexane/EtOAc) to afford a pink solid 0.050 g (48%).

7,8-dimethyl-2-[4-(phenanthren-9-yl)butyl]-3-[3-(phenanthren-9-yl)propyl]quinoline (171).

The general procedure was used, 5-(phenanthren-9-yl) pentanal (0.10 g, 0.38 mmol), 2,3-
dimethylaniline (22 pL, 0.18 mmol), TBAI (0.067 g, 0.18 mmol) and hydroiodic acid (0.7 pL)
was dissolved in anisole (15 mL). Hexamethyldisioloxane (4.3 pL, 0.020 mmol) was added as an
internal standard ('"H NMR vyield: 45%). The crude material was purified by column

chromatography RF=0.36 (9 : 1 Hexane/EtOAc) to afford a white solid 0.044 g (40%).
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2-(4-(phenanthren-9-yl)butyl)-3-(3-(phenanthren-9-yl)propyl)benzo[h]quinoline (174).

The general procedure was used, 5-(phenanthren-9-yl) pentanal (0.10 g, 0.38 mmol), 1-
aminonapthylene (0.052 g, 0.18 mmol), TBAI (0.067 g, 0.18 mmol) and hydroiodic acid (0.7 uL)
was dissolved in anisole (15 mL). Hexamethyldisioloxane (4.3 pL, 0.020 mmol) was added as an
internal standard ('"H NMR yield: 50%). The crude material was purified by column

chromatography RF= (9 : 1 Hexane/EtOAc) to afford a tan solid 0.043 g (38%).
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5. Bi-directional MCR and Future Prospects

In Chapters 3 and 4, highly substituted novel benzoquinoline archipelago model compounds were
prepared by an MCR. This synthetic route involves fewer steps than the previous strategies, affords
pure materials, and the procedures are reproducible. Furthermore, using variety of commercially-
available aniline derivatives, along with our alkyl-tethered o,w-aromatic aldehydes, we can
generate a diversified library of new quinoline compounds. Such molecules are critical to our
collaborators for use in modeling asphaltene behavior. Other diversifications that may be pursued
includes varying the alkyl chain lengths and terminal aromatic appendages. With an optimized
synthetic procedure in hand, the next logical step is to prepare higher molecular weight compounds
that incorporate a greater number of heteroatoms, as better asphaltene models. Our collaborators
at JPEC are particularly anxious to have access to higher molecular weight (~1500-2000 g/mol)
model compounds, with the added requirement that these new molecules should feature multiple

cyclic and acyclic nitrogen and sulfur atoms.

5.1. Bi-directional MCRs. Synthetic approaches and preliminary results

The most obvious method to access such alkyl-tethered polycyclic aromatic hydrocarbons is to

239-262] For example,

apply our MCR strategy, but use diaminoarenes for bi-directional synthesis.!
one potential reaction could access a new five-island archipelago compound incorporating four

equivalents of our alkyl-tethered a,w-aromatic aldehydes and 1,5-diaminonapthelene (Eq. 5-1).
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194 2 195
Ar= phenanthrene

Equation 5-1. Hypothetical synthetic route to new five-island archipelago model compounds.

This foray into the bi-directional molecular architecture is not entirely new to our research. As part
of earlier optimization reactions, the combination of 1,5-diaminonaphthelene with two equivalents
each of 3-bromobenzaldehyde and cyclohexanone (Eq. 5-2) was investigated, in a failed attempt

to prepare a bis-bromophenyl-octahydrophenanthridinophenanthridine 196.

é HI (5 mol%)
n-butanol
120 °C, 18 h

NH

194 49 e 2 equiv
2 equiv

196

Equation 5-2. Synthesis of continental-like archipelago compounds using a bi-directional MCR.

Table 5-1. MCR conditions for bi-directional synthesis of continental archipelago compounds.

Entry Solvent Oxidant Yield
1 n-butanol air NC
22 n-butanol 0> NC

A mixture 1,5-diaminonapthalene (0.5 g, 3.2 mmol), 3-bromobenzaldehyde (1.2 g, 6.3 mmol), cyclohexanone (0.6 g,
6.3 mmol), butanol (20 mL), and HI (12 pL) is added 50 mL round bottom flask and stirred at 120 °C for 18 h.
#Reaction run under a constant, rapid bubbling of oxygen. NC = no conversion to product.
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This reaction was conducted in butanol, which we believed to be optimal at the time, but no MCR
product was obtained (see Chapter 3, section 3.3 for details). Nevertheless, we decided to explore
a variation of this strategy, using 1,5-diaminonapthelene and four equivalents of aldehyde, under

partially optimized conditions (Eq. 5-3 and Table 5-2).

NH,
(0]
J\/\/\ HI (5-10 mol%) Ar
GO :
151 Solvent, O,
NH,

90 °C, 7h

4 equiv

194 z 195
Ar= phenanthrene

Equation 5-3. Bi-directional synthesis using four equivalents of an alkyl-tethered o,w-aromatic
aldehyde

Preparing quinolino[8,7-A]quinoline core model compounds from diaminonaphthalene via bi-
directional MCR proved severely challenging. Both 1,5-diaminonaphthalene and 1,8-
diaminonaphthalene were used as the starting scaffold. When 1,5-diaminonapthylene was used, no
conversion to the desired product 197 was obtained, despite numerous trials (Eq. 5-3 and Table 5-

2).
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Table 5-2. MCR bi-directional synthesis using 4 equivalents of alkyl-tethered a,m-aromatic
aldehyde.

Entry Solvent Catalyst Yield
1 EtOH HI (5 mol%) NC
2 EtOH HI (10 mol%) NC
32 EtOH HI (10 mol%) NC
4° THF:EtOH (9:1) HI (10 mol%) NC
5° EtOH:H>0 (95:5) HI (10 mol%) NC

A mixture 1,5-diaminonapthalene (0.02 g, 0.13 mmol), 5-(phenanthren-9-yl) pentanal (0.15 g, 0.51 mmol), ethanol (4
mL), and HI (0.8 puL) is added 25 mL round bottom flask and stirred at 90 °C for 7 h under a constant, rapid bubbling
of oxygen. ® The amount of solvent was doubled in volume. ® Ethanol: THF (0.8 mL:7.2 mL). ¢ Ethanol:H,O (7.6
mL:0.4 mL). NC= no conversion to product.

I believe this reaction failed because our synthetic aldehyde is only partially soluble in EtOH (see
Chapter 3). To improve solubility, we increased the volume of solvent (Table 5-2, entry 3) and
switched to a dual solvent system of THF and ethanol (Table 5-2, entry 4) but neither modification
led to product. Finally, we investigated whether a higher loading of catalyst (from five mol% to

10 mol% per aromatic amine) would lead to the archipelago compound, but this too was

unsuccessful (Table 5-2, entries 2 to 5).

When 1,8-diaminonaphthalene was used as the starting diamine, (Eq. 5-4 and Table 5-3), no MCR
product was obtained, presumably for the reasons outlined above. It should be noted that for both
diaminoarene substrates, neither the mono- nor bis-imine intermediates were detected and, as such,

were unlikely to have been generated in situ, excluding the possibility of conversion.
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NH, NH,
0
)j\/\/\ HI (5 mol%)
G -
EtOH, 0,, 90 °C, 7 h
151

197 4 equiv

\

198
Ar= phenanthrene

Equation 5-4. Bi-directional MCR using 1,8-diaminonapthylene to acquire 2,11-bis(4-
(phenanthren-9-yl)butyl)-3,10-bis(3-(phenanthren-9-yl)propyl)quinolino[ 7,8-/4]quinoline.

Table 5-3. Bi-directional MCR using 1,8-diaminonapthylene in concentrated and dilute solvent
conditions.

Entry Solvent Catalyst Yield
| EtOH HI (5 mol%) NC
28 EtOH HI (5 mol%) NC

A mixture 1,8-diaminonapthalene (0.3 g, 1.8 mmol), 5-(phenanthren-9-yl) pentanal (1.9 g, 7.6 mmol), ethanol (20
mL), and HI (12 pL) is added 50 mL round bottom flask and stirred at 90 °C for 7 h under a constant, rapid bubbling
of oxygen.  The amount of solvent was doubled in volume. NC = no conversion to product.

At this stage of the investigation, we focused on promoting the formation of the bis-imine, as a
first step toward the bi-directional MCR. Once formed, these imines could undergo an imino Diels-
Alder/Mannich-like cycloaddition with a second equivalent of aldehyde to form the desired adduct.
Strictly speaking, this two-step approach is antithetical to the concept of an MCR, but it would at
least provide a starting point for subsequent optimization. Attempts to synthesize the bis-

arylnapthylimine 201 using 3-bromobenzaldehyde, however, did not afford an imine. Dilute

ethanol proved to be a poor choice of solvent, as previously noted (Eq. 5-5).
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194 49 ¢

2 equiv

HI (5 mol%) : \N O

EtOH, 90 °C, 18 h

Equation 5-5. Unsuccessful synthesis of the 1,8 bis-imine in dilute ethanol.

The 1,8-diaminonaphthalene series, in contrast did afford the mono-imine. Imine 200 is generated

in a matter of minutes at very high concentration and can be isolated to afford a light pink/purple

solid in a 50% yield (Scheme 5-1, top). Unfortunately, no cyclocondensation proceeded upon

addition of cyclohexanone, at least in ethanol (Scheme 5-1, bottom).

NH, NH, O (l)
O Conc. EtOH
+
O rt, 15 min
198
151

( (0]

3

—

NH2 N 4 HI (IOImol%)
EtOH, O,
0°C,45h

OO 119 0

200

(-
(2
(s

=
NH, N

200 (50%)

Scheme 5-1. Synthesis of the mono-N-alkylimine in a highly concentrated solvent solution.
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Following this more promising result, we reasoned that given enough time or thermal
encouragement, the bis-imine might also be formed under the reaction conditions. Fortunately,
after 24 hours under the concentrated reaction conditions, we indeed isolated 1,5-bis-N-
alkylnapthylimine 202 (Eq. 5-6), although in low isolated yield (40%). All attempts to perform the

imino Diels-Alder/Mannich-like cycloaddition in alcohol solvent failed.

151
NH, 2 equiv Ar
2

194 202 (40%)
Ar= phenanthrene

Equation 5-6. Synthesis of (1E,1'E)-N,N'-(naphthalene-1,5-diyl)bis(5-(phenanthren-9-yl)pentan-
1-imine).

These experiments were conducted prior to discovering two critical aspects of optimization.
Important improvements were noted for anisole as solvent and the use of Nal/TBAI promoters.
More recently, we applied this knowledge to the bidirectional MCR. However, under these
“extensively optimized” conditions, the reaction produced only the bis-N-alkylimine, as indicated
by TLC monitoring (Eq. 5-7). Our lack of success strongly suggested that a mechanistic alternative

was required.
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NH, O Q HI (10 mol%)
Additive (1 equiv)
+ O 7
OO anisole, O,
130 °C,4.5h
NH,

194 151 2 195
4 equiv Ar= phenanthrene

Additive= Nal/TBAI

Equation 5-7. Bi-directional MCR using the semi-optimal/enhanced conditions identified in
Chapter 3/4.

5.2. Further investigations. The radical cation MCR

Radical Cation Catalyst

The literature provides some precedent for using a radical cation catalyst to drive the
cyclocondensation.['®¥) Tt is possible that these conditions will eliminate the need for elevated
temperatures and pure oxygen. This investigation is being undertaken by Mark Aloisio; his
preliminary efforts (Eq. 5-8) demonstrate that our standard MCR proceeds to completion at lower
temperature (90 °C) using acetonitrile as solvent under air. The reaction was nearly quantitative
by '"H NMR spectroscopy, but the isolated yield of quinoline 161 was less than 50%. This
represents a second great challenge for future research — how to deal with self-aggregating

compounds that resist both crystallization and chromatography.
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NH, );
0
+ H/M*V%A\V/Ar TPBA™ (10 mol%) N ZAr
2 CH;CN, 90 °C L
127 b 151 air, 4 h
2.1 equiv
Ar= phenanthrene 161

>95% ('H NMR)
46% (Isolated)

Equation 5-8. Catalytic radical cation MCR proof of principle.

The radical cation MCR is proposed to occur entirely in the odd electron manifold. Hereby, the
aniline induces an intriguing alternative mechanism for the process, as alluded to in Chapter 4. For
the radical cation Povarov reaction, only a catalytic amount of the tris(4-bromophenyl)aminium
oxidant was required.!'83:183:2631 Although little evidence was provided, the proposed mechanism
invokes an “imine/enamine” tautomerization prior to one-electron oxidation (Scheme 5-2).1'83 The
equilibrium presumably favors the more thermodynamically stable imine, but the more electron-
rich enamine is more easily oxidized to the reactive radical cation. The enamine radical cation is
presumed to react not with free aldehyde, but with the N-alkylimine present in solution (Scheme
5-2). The heterocyclic radical cation 207 is quenched by single electron transfer from the enamine,
returning to the even-electron manifold and regenerating the enamine radical cation 206. Acid-
catalyzed elimination of aniline and subsequent air oxidation produces quinoline 209 (Scheme 5-

2).
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NH, H

H ! .
2 N~ + NV\ 2
Rl@ N R\/§O . R1‘©/N§/\R2 _~— R1~©/ ~FSR2| TBPAT R‘©/® R
203

76/127 204 205 206
204
H '*
N N 208 207
2 2 2
R! = R® NHAr g1 R R! R
= R2 [ 0 I RZ R2
209 NHAr NHAr

2
08 207

Scheme 5-2. Wang’s proposed radical MCR mechanism.[!%*]

This mechanistic proposal deviates from traditional MCR proposals, as a consequence of an
electrophilic, odd-electron manifold. Our intention is to exploit this process for bi-directional
synthesis, increasing molecular weight, complexity, and heteroatom content in a single synthetic

step (Eq. 5-9).

NH
? 0
L~ ~ TBPA (10 mol%)
+ H Ar  ccommmmmmmmmmoe- >
CH;CN, 82 °C
151
NH, 4 equiv
194

Ar= phenanthrene

Equation 5-9. Prospective double-MCR model compound.

The combination of bi-directional synthesis with alkyl-substituted terminal islands, as discussed

in Chapter 1, assures higher solubility in toluene despite self-aggregation (Scheme 5-3). Such
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“mixed model” compounds bridge the gap between Yen-Mullins continental models and

archipelago systems.

(L] — (1]
( : (

X
O

211 212

X=Brorl
210
C oL L. O ® C
O= (——— or =
31 214.1 214.2 213

Scheme 5-3. Hypothetical synthesis which combines Gen 1 and MCR approaches.

Generating Radical Cations Electrochemically

The electrochemical radical cation MCR is currently under development by Dr. Robin Hamilton
in the group. The synthesis can be accomplished using a range of soluble redox modulators,
including the tris(bromophenyl)amine. In one preliminary experiment, a stoichiometric amount of

I3~ oxidant was generated electrochemically, followed by the addition of aniline 76 (1 equiv) and
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hexanal 215 (2 equivs). The reaction proceeded at room temperature overnight under constant
current (0.1 mA). Generating radical cations electrochemically thus appears to be a viable MCR

alternative; however, yields have yet to be quantified (Eq. 5-10).

C6H6’ rt, 17 h

NH,
0
L~ TBA/L (1 equiv) N7
+ H 2 >
76

215

216

Equation 5-10. Electrochemically generated stoichiometric I3 for MCR application.

This procedure was then applied to a bi-directional reaction. Under the same conditions, the

desired tetra-substituted 4,10-diazachrysene 222 was indeed observed, but not quantified (Eq. 5-

1).
NH
2 0
OO N H)W TBAI /T, (1 equiv)
C¢Hg, 1t, 17 h
215 676
NH, 4 equiv
194

Equation 5-11. Electrochemical bi-directional MCR accomplished using stoichiometric I3".
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5.3. Final thoughts

My research goal was to prepare new asphaltene model compounds using an MCR strategy.
Synthesis of quinoline-core, three-island archipelago model compounds was accomplished by a
one-step cyclocondensation reaction that is scalable, reproducible, and produces adducts in high
purity. Though these compounds are simple to synthesize; purification and solution
characterization remains challenging. The compounds were designed to study the drivers of

aggregation. They apparently do.

Experimental Section

General experimental details are presented in Chapters 2, 3 and 4. Solvents and reagents were
used without further purification. I was assisted in investigating the bidirectional MCR by (then)
undergraduate co-worker Mark Aloisio. The following procedures include only preliminary

characterization by 'H NMR analysis.

TLC analyses were performed using 0.5 mm analytical TLC plates from Macherey-Nagel
(ALUGRAM® SIL G/UVas4) and visualized by using UV-light of 254 nm and/or 366 nm. For
flash column chromatography, silica gel 60 M (0.040—-0.063 mm) from Macherey-Nagel was

used.

NMR spectra were recorded on Agilent/Varian instruments (400 and 500 MHz for '"H NMR) at
ambient temperature. Chemical shifts were referenced to residual solvent protium peaks (6 in parts
per million (ppm) CHCI; 'H: 7.26 ppm). Coupling constants were assigned as observed. 'H NMR

coupling constants are rounded to nearest 1.0 Hz.
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(E)-8-((5-(phenanthren-9-yl)pentylidene)amino)naphthalen-1-amine (200).

A mixture of 1,8-diaminonapthalene (0.50 g, 0.0032 mol), 5-(phenanthren-9-yl) pentanal (0.82 g,
0.0032 mol) and ethanol (2 mL) was added to a three-neck RBF flask and stirred at rt for 15 min.
The solvent was removed under reduced pressure. The crude material was purified by column

chromatography (9 : 1 Hexane/EtOAc) to afford a light pink-purple solid 0.66 g (50%).

IH NMR (CDCI3, 500 MHz): § 8.76 (d, J= 6.0 Hz, 1H), 8.69 (d, J= 2.0 Hz, 1H), 8.12 (d, /= 8.0
Hz, 1H), 7.85 (m, 1H), 7.65 (m, 5H), 7.25 (m, 4H), 6.50 (d, J = 7.0 Hz, 2H), 4.51 (t, J = 5.0 Hz,

1H), 4.32 (s, 2H), 3.19 (t, J = 7.0 Hz, 2H), 1.95 (q, J = 8.0 Hz, 2H), 1.85 (m, 2H), 1.7 (m, 2H).

(1E,1'E)-N,N'-(naphthalene-1,5-diyl)bis(5-(phenanthren-9-yl)pentan-1-imine) (202).
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A mixture of 1,5-diaminonapthalene (0.10 g 1.3 mmol), 5-(phenanthren-9-yl) pentanal (0.30 g, 2.5
mmol) and ethanol (2 mL) was added to a three-neck RBF flask and stirred at rt for 24 h. A white

solid was collected by vacuum filtration 0.2 g (40%).

'H NMR (CDCls, 400 MHz):  8.77 (d, J = 8.0 Hz, 2H), 8.68 (d, J= 8.0 Hz, 2H), 8.16 (d, J= 7.0
Hz, 2H), 7.86 (m, 4H), 7.84 (d, J = 8.0 Hz, 2H), 7.62 (m, 10H), 7.37 (t, J = 7.0 Hz, 2H), 6.85 (d, J

=7.0 Hz, 2H), 3.25 (t, J = 7.0 Hz, 4H), 2.70 (m, 4H), 2.01 (m, 8H)
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'H and BC NMR Spectra

Appendix I

Due to the nature of the compounds, not all the *C NMR signals for tertiary carbons have been

assigned.

4-(phenanthren-9-yl) butanal (157).
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5-(phenanthren-9-yl) pentanal (151).
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B R R EEE-E R o wle o N N wm o
~ OO HEFROWVWIHNAS®HMO = 0 ajo @ o § e
o I R ~ =~ © 3 oo o
b3 M MMM NN NNNNN AN [l sl Lt ol L [ B
2 WD ISR
\O
_ } -
n_______———________________—______._—u.___—_-______._____~_._—-____________—_________—______m_____._m___u___.____-mm.______________
240 220 200 180 160 140 120 100 80 60 40 20 Ppm

File: fmnt/ds0t/omet44: { ‘Jose/Aldehyd -PhenCHO __13C
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6-(phenanthren-9-yl) hexanal (153).

Department of Chemistry, University of Alberta

e B
4%

-5 Agilent Technologies

Recorded on: 1500, May 31 2016

Sweep Width{Hz): 6009.62
Puise Sequence: PRESAT

Digital Res.(Hz): 0.09

Acquisiten Time(s): 5

Relaxation Delay(s): 0.1
Hz per mmiHz/mm): 25.04

Completed Scans 16

6C-PhenCHO
499,806 MHz H1 PRESAT in ¢dcI3 (ref. to CDCI3 @ 7.26 ppm), terfip 27.7 C -» acluat temp = 27.0 C, colddual probe
o
. i F: . '?L
L2 N I e e O N B B N N B I N I B LI N s N N S B N N O Y N I N B B I
10 9 8 7 6 5 4 3 2 1 0 Ppm
y W0 L o e
0.91 1.05 0.99 2.00 2.032.27
1.00 0.97 5.07 1.96 2.09
File: imnt/d600/hc 47 tata’dose/Aldehyd -PhenCHO
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Pepartment of Chemistry, University of Alberta

et Recorded on:  uS00, May 31 2016 Sweep Width{Hz): 328947

Acguisiton Time(s): 25 Relaxation Defay(s}: 0.1
Hz per mmHzimm):  137.06 Compileted Scans 128

rees $ees >m=ﬂ=n .u.Qﬂm—w.—O—Oﬂmﬂw Pulse Sequence: s2pul Digital Res.(Hzpt): 0.25

6C-PhenCRO
125.691 MHz C13[H1] 1D in edci3 (ref. to CDCI3 @ 77.06 ppm), temp 27.7 C = actual temp = 27.0 C, colddual probe

Q
\

202,625
136.460
131.898
131.229
130.754
129.664
128.038
126.629
126,523
126.149
126.090
125.962
124.380
123.274
122.458

I
\

77.296
77.244

e

o o 0 - o o
- o [ n @ oo
L= o o N M O
-~ v ot} m o 0 N

{%i%%

_&_____.._____.____h___.___..___________.__.._________u__.__—___._n_____________________._g_.____h_._____________________.___m_.___

240 220 200 180 160 140 120 100

File: /mntéd800/homet44; A j ¥ -PhenCHO__13C_

80

60 40 20 ppm
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4-(Pyren-1-yl) butanal (158).

B of Chemistry, L ity of Alberta

Recorded on:  u500, May 18 2016
Pulse Sequence: PRESAT

Swesp Widin(Hz): 6009.62
Digital Res.(Hzipt): 0.09

s
rerg

Relaxation Dolay(s): 0.1
Completed Scans 16

Acquisiton Time(s): §
Hz per mm{Hz/mm): 25.04

!

4C-PyCHO
499.806 MHz H1 PRESAT in ¢dcl3 (ref. to CDBCI3 @ 7.26 ppm), temp 27.7 C -> actual temp = 27.0 G, colddual probe

@}
\
" L. £ %L _
LIS N S N B S B B N A L L R R I S B R I B B LU I B TN N S B E B I N N Y T B B B
10 9 8 7 [ 5 4 3 2 1 0 ppm
e Wi e L L
1.00 2.32025 2.12 2.09
0.2610.05 2.06
File: /mnt/d800/ home1 44 “JoseiAldehyd -PyCHO

196



197

D of Chemistry, L ity of Alberta
,c.m.... - - Recorded on:  u500, May 18 2016 Sweep Width(Hz): 32894.7 Agqtrisiton Time(s): 25 Refaxation Defay(s): 0.1
- >m.-m=.~ .—.mn—:a_c@_mm Pulse Sequence: s2pul Digita Res.{Hz/pl): 0.25 Hz per mm{Hz/mm): 137.06 Completed Scans 128
4C-PyCHO
125691 MHz C13{H1] 1D in cdcl3 (ref. to CDCI3 @ 77.06 ppm), temp 27.7 G -> actual temp = 27.0 C, cokidual probe
- N B - O TS T T - - < T T sl -] hed o o -3 s
iy QT o W W o ONO O WO TN o -4 w - o
- nEaenMYaeaAdgad i I = ° 2
o N « © ©C © >~ ™~ I~ W N oW M ~ hed (] o~ bl
(=3 MoMm e 0NN NN N NN NN L [ d - o« o~
3 4 ///Jx SSSNNNE T
o el
_____—_._.___________________n______——_______—__.___w________________________..________________—_______—._____________.__n______.__
240 220 200 180 160 140 120 100 80 60 40 20 ppm

File: /mnt/d800/home4j dataidose/Aldehydes/4C-PyCHO__13C_




5-(Pyren-1-yl) pentanal (159).

Dep of Chemistry, University of Alberta
,..omu... . . Recorded on: 1400, Nov 10 2015 Sweep Width{Hz): 4801.92 Acquisiton Time{s): 4.998 Relaxation Delay(s): 0.1
e >m——mm nt .—-ﬂﬂ——:ﬁ_bﬂ—ﬁm Puige Sequence: s2put Digital Res.{Hz/pt): 007 Hz per mm{Hz/mm}: 2001 Completed Scans 16
5C-PYCHO

399,794 MHz HT 1D in cdei3 (ref. to CDCIZ @ 7.26 ppm), tetap 26.5(C -> actual temp = 27.0 C, autoxdb probe

O
4

2 1 0 PPm
By et L e — v
0.84 1.2699 2.00 4.06
1.D395.00 2.00 0.30
File: /mnt‘d600/home 144 A #Jose/Aldehydes/5C-PyCHO
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Department of Chemistry, University of Alberta

... > - - Recorded on:  uS00, May 18 2016 Bwesp Width{Hz): 32894.7 Acquisiton Timefs): 2.5 Relaxation Delay(s): 0.1
g Puaa:n ._.mnu_uc—aa_mw Puisa Sequence: s2pul Digital Res.{Hzoty: 0.25 Hz per mm{Hzmm): 137.06 Completed Scans 128
5C-PyCHO
125.691 MHz C13[H1] 1D in 6dol3 {ref. o CDCI3 @ 77.06 ppm), temp 27.7 € - actual temp = 27.0 C, colddual probe
b=l B ddd oo Mmoo MmN O W s « i 0 oM o [l
o NN OO dd N MW N 9 N N 9 1) -~ I~ ® N o n
o A R R EEREEEEREREEE Y 3 € 48 4
o W e OO0 @~ [0 K Iy o o M ~ 0 o« L ) N
\ o ™M 0N NN NN N NN NN NN NN ~ ™~ - Lot I Y o~
§ g k d v ! i BRI et SR |
_..——___—_____——_-___—___w——___—~_~—___________—h—______m—______—__________—_______.____—___m~______———___‘_mnn______-.___.—__—____
240 220 200 180 160 140 120 100 80 60 40 20 ppm

File: /mnf’d600/ 14/] ‘Jose/Aldehydes/SC-PyCHO__13C_
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6-(Pyren-1-yl) hexanal (160).

D of Chemistry, University of Alberta
...omo-.. - . Recorded on: U500, May 25 2016 Sweep Width{Hz): 6009.62 Acquisiton Time{sk: 5 Relaxation Delay{s): 0.1
RS bw:m:» Technologies  rusesequonce: pRESAT Digital Res.(Hzipl: 0.09 Hz per mm(Hzmmy: 25.04 Complated Scans 16

8C-PyCHO

499,806 MHz H1 PRESAT int cdel3 (ref. to CDCIZ @ 7.26 ppm), tethp 27.7 C -» actual temp = 27.0 €, colddual probe
(@)

Ju
T T T _ [ T T T w T T T T _ ¥ T T T m T T T 1 _ T T T T _ T T T T _ T T T T _ T T ¥ T _ T T T T _ T T T ] _ T L] T T _
10 9 8 7 6 5 4 3 2 1 0 PPmM
o L B o e
0.92 1.8934 2.01 2.092.52
0.2904.08 1.96 2.13

File: /mntd600/Momet 4] ‘nmidatailoseAkdehydes/5C-PyCHO
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201

Dep of C istry, Uni ity of Alberta
...omo... - . Recorded on:  u500, May 25 2016 Sweep Width{Hz): 32894.7 Acquisiton Time{s): 2.5 Relaxation Delay{sy: 0.1
....«........ >ﬂ——m=ﬂ .—-@ﬂ_._—_O_Oﬂ—ﬂm Puise Sequence: s2pul Digital Res (Hz/pt); 0,25 Hz per mmiHzmmy,  137.06 Completed Scans 128
6C-PyCHO
125.691 MHz C13[H1] 1D in cdci3 (ref. to CDCI3 @ 77.06 ppm), temp 27.7 C - actual temp = 27.0 C, colddual probe
(@) ! L - B - B R R R o el o © 0 oo ® W
2y e B - B B - o alm o ™~ 0 N0 M
\ © Rroklbagnedonasa S q)e ® mnleae
o W e O O O ™0 0 W ) Y M) r~ r~fr- ‘o © M - N
o Moo o NN AN NN NN NN N Lol el Ladi ol - M ™M N N
i //fcﬂ\\\ Y N
______._____u________——_______m_____..—______—________.—______m___-____m__mu_._.________n_—__________‘.__~_._____.__________w______
240 220 200 180 160 140 120 100 80 60 40 20 ppm

File: Amnit/s00; 5 dataidose/AldshydesiSBC-PYCHO__13C,




2-(4-(phenanthren-9-yl)butyl)-3-(3-(phenanthren-9-yl)propyl)-7,8,9,10-

tetrahydrobenzo[/]quinoline (161).

202

D of Chemistry, University of Alberta
3 . . Recorded on:  u500, Jul 14 2018 Sweep Widith(Hz): 6009.62 Acquisiton Time(s): 5 Relaxation Delay(s): 0.1
. >@__m=~ ._..mn_._:mmcn_mw Pulse Sequence: PRESAT Digital Res.(Hz/pt): 0,09 Hz per mmnfHzimm): 25,04 Completed Scans 8

498,767 MHz H1 1D in cdel3 (ref. to CDCI3 @ 7.26 ppm)
temp 27.7 C ->» actual temp = 27.0 C, colddual probe

[ I

8 2 1 0 Ppm
F, Torrss oy PR b
286 3 L&as8% o h-paty P
Ado H o ddas o Aeieirdm QAT

File: /mnt/dG00/mome 1 4imsnmr/nmrdata/DATA_FROM_NMRSERVICE/David/2018.07/2018,07.14.u5_B3-P177_locl 2_13.16_H1_10
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3-(4-(phenanthren-9-yl)butyl)-2-(5-(phenanthren-9-yl)pentyl)-7,8,9,10-

tetrahydrobenzo[/]quinoline (165).

Department of Chemistry, University of Alberta

Hecorded on:  uS00, Jul 32018 Sweep Width{Hz): 6009.62

- ! - - Acquisiton Time(s): §
e e >n__m_= ._.mn__zo_o@_mw Pulse Sequence: PRESAT Digital Pes.(Hz/pt): 0.09

Hz per mm(Hz/mm):  25.04

Relaxation Delay(s): 0.1

Completed Scans &

B3-P173
499.797 MHz H1 1D in cdcl3 (ref. to CDCI3 @ 7.26 ppm)
temp 27.7 C -» actual temp = 27.0 C, colddua] probe

bl

____.___,______;_..__

_

10 9 8 7 6 5 4 3 2
T RSy Y A N
o o Nwmr- o o ord [ o~
o o~ Nono Ll o woro ™ o
88 W ddde o S ¥ sae 5 o

Fite: /mnifd600/Momen 4fimsnmunmrdata/DATA_FROM_MMARSERVICE/David/2018.07/2018.07.03.u5_8B3-P173_loct _1518_H1_1D
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Departiment of Chemistry, University of Alberta

Recorded on: 1500, Jul 32018 Swesp Widin(Hzy: 33783.8

Acquisiton Time(sh: 1

Relaxabon Delay(s): 1

4, - -
ed e >@_—m=.~ .—.@ﬂ—ﬂ—.—ﬂ—ﬁﬂ—mw Pulse Sequence; s2pul Digital Res.{Hz/pt): 0.26 Hz per mm{Hz/mm}: 140.76 Completed Scans 128
David, B3-P173
125,688 MMz C13{H1} 1D in cdcl3 (ref. to CDCI3 @ 77.06 ppm)
temp 27.7 G -> actual temp = 27.0 C, colddual probe
061—00328261281268381401857971—428203582125903
4.5570555239387912327398061472515531448876921
89762498276097554109970535214207243242975721
O B B . B R o I R e e R R R R N e
53333333333222222222222222222777333333222222
R B B T R e T O TR e B B O I T O T T B S B QR et S (N B [ [l Bl Il |
’ kil b bl ) s il ! Lk lgdflad i dubla vl i
o ' : " " e e i y
________ﬁ_,__.______.___w_._m_.._____________‘».__uu..____'_____M‘w__________________—_________q__>___w_________:___________.__‘_»___
240 220 200 180 160 140 120 100 80 60 40 20 0

File: /mnt/d600/home djmsnmi/nmrdata/DAT A_FROM_NMRSERVICE/David/2018.07/2018.07.03.U5_B3-P173_lee1_15.17_C13_1D
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3-(2-(phenanthren-9-yl)ethyl)-2-(3-(phenanthren-9-yl)propyl)-7,8,9,10-

tetrahydrobenzo[/]quinoline (166).

Department of Chemistry, University of Alberta

Aecorded on:  u500, Jul 3 2018 Sweep Widih{Hz): 6009,62

P >m=m=n ._.mnm.:_cmoummw Puise Sequence: PRESAT Digital Res.Hz/pty: 0.0

Acquisiton Tima(s): 5 Relaxation Delay{s): 0.1
Hz per mmi{H: 1 25.04 Completed Scans 8

David, B4-P3
439,797 MHz H1 1D in cdci3 (ref. to CDCI3 @ 7.26 ppm)
temp 27.7 C -> actual temp = 27.0 C, colddual probe

4
z

\
<)

)
n Lk

L _

10 9 8
LS S e
83 3 &safd
Ao W addg

1.05+

File: /mnt/d600/homet 4Amsnme/nmidata/BATA_FROM_NMBSERVICE/David/2018.07/201 B8.07.03.u5_B4-P3_loc2_15.26_Hi_ib
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Department of Chemistry, University of Alberta

207

k : . . Recorded on: uS00, Jul 3 2018 Sweep Width(Hz): 33783.8 Accisiton Ti 1 Relaxation Defay(s): 1
cred e >ﬁ—um=ﬂ .qmﬂ_d:Q_O@_mm Pulse Sequence: s2pul Digitat Res {Hz/pt); 0.26 Hz per mm(Hz/mm}: 14076 Compleied Scans 56
David, B4-P3
125,688 MHz C13{H1} 1D in cdci3 (ref. to CDCI3 @ 77.08 ppm)
temp 27.7 C -> actual temp = 27.0 C, eolddual probe
M0 oMmMm® N RN ® oW o b o ® 4 000 dwN
N >0 0Nt O MMM B O v o W RN NN W oW
® W Ao Y MmN - O © WO N o ~N 9 ~ A o~ m o N oA
mom A NN NN NN NN NN NN [l MmomeoeMm MmN NN o
1//%“. = 0 y
4 L2 ¥ HEF 4 " i LR LY & i i L
i Iy { p . i .
¢ r \ b I
_____.:n________._.____~______:,_._____:»W_.____:._Z_____:__,:___:___.____.____________.__:,___________________:_________]%
240 220 200 180 160 140 120 100 80 60 40 20 0 Ppm

File: imnt/d600homet dfmsnmrnmrdata/DATA_FROM_NMRSERVICE/Davidr2018.07/2041 8.07.03.u5 B4-P3_loc2_15.27_C13_1D



6-ethyl-2-[4-(phenanthren-9-yl)butyl]-3-[3-(phenanthren-9-yl)propyl]quinoline (168).

Department of Chemistry, University of Atberta

. - . Recorded on: m400, Jun 29 2018 Sweap Width(Hz):  4803.07 Acquisiton Time{s): 4.997
.. . >ﬂ—wm=ﬂ .—.@ﬂ——:O-Oﬂ_mm _u:_mmmmncm:nm”nmmmb._‘ G_mwm_mmm.ﬂzw\uc“cbq qumﬂaaﬁﬂaav“wo.s

Helaxation Delay(s): 0.1
Completed Scans 32

David, B3-P133
-400.388 MHz H1 1D in cdcl3 (ref. to CDCI3 @ 7.26 ppm)
temp 27.0 C - actual termp = 27.0 C, m400gz probe

—_—

L U
T T [l T _ T T T T _ T T T T _ T T ¥ T n T T T T _ T T T ¥ _ T T T T _ T T T T _ H T T T _ T T T T T _ T T T T _
10 9 8 7 6 5 4 3 2 0 PP,

AL R

oo Vo o N NN w w© <

o g O S - o S

Sro Hom m e P 4 m -

File: /mnid800/heme 4 fimsnmrnmrdata/DATA_FRONM_NMRSERVICE/Davidi2018.06/201 8.08.28.md_B3-P133 _locB_14.23 H1_1D
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Fl (ppm)

499.787 MH2 H1 gCOSY in cdcl3 {ref. to CDCI3 @ 7.26 ppm)
temp 27.7 C -> actual temp = 27.0 C, colddual probe

- Agilent Technologies

Department of Chemistry, University of Alberta

Pulse Sequence: gCOSY

Sweep Width F2JF1{Hz): 6009.62]6009.62 Acquisiton Time(s): 1

Digitaf Res. F2|F1(Hz/pt): 147 | 11.74

Hz permm F2[F1(Hz/mm): 16.66 [ 42,59

Relaxation Delay(s): 1

No. of Scanslincrements 1] 170

w

14}

L4

ul

10

F2 (ppm)

File: /mnt/d600/homel4fmsnmifnmrdata/DATA_FROM_NMRSERVICE/David/2019.03/2019.03.06.u5_p-EtQ_tocs_14.16_H1_gCOSY
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Department of Chemistry, University of Alberta

211

F1 (ppm)

.v.. - . Recorded on:  u500, Mar 6 2019 Swaep Widih F2]F1{Hz): 6009.62 | §009.62 Acquisiton Time(s): 1 Retaxation Delay{s): 1
P >c ilent 4mn===_c@_mw Pulss Sequence: ZTOCSY Digital Res. F2lF1(Hzlpy: 147 |11.74  Hzpermm F2IF1(Hy/mmy 16.66|42.67  Mo. of Scanslincrements 2] 85
499.787 MHz H1 2ZTOCSY in ¢del3 {ref. to CDCI3 @ 7.26 ppm)
temp 27.7 C -> actual temp = 27.0 C, colddual probe
0
17
] " B>
51 1) by
1 [ ol
3 7 e ] 2 -] "
N ¢ a0
I ——

5 —

6] N\ /

7-] °
. 9

T =
UI (S ]2 ¥ Y

] B ® P

97

10

~J

F2 (ppm)

File: /mni/d600/home djmsnmenmrdata/DATA_FROM_NMRSERVICE/David/2019.03/2019.03.06.u5_p-EtQ_loes_14.03_H1_zTOCSY




2-(4-(phenanthren-9-yl) butyl)-3-(3-(phenanthren-9-yl) propyl) quinoline (170).

Department of Chemistry, University of Alberta

Aecorded on: U500, Aug 10 2018

3 . . ep WidthiHz):  6009.62
- Agilent .-.mnr:c_om“mm Pulse Sequence: PRESAT i

al Res.(Hz/pt): 0.09

Acquisiton Time(sy: 5
Hz permm{Hz/mm): 25.04

Relaxation Delay{s): 01
Complsted Scans 8

David, B4-P5
499.797 MHz H1 1D in ¢del3 (ref. to CDCI3 @ 7.26 ppm)
temp 27.7 C - actual temp = 27.0 C, colddual probe

-
£
3.00-C
3105 <
11.23£
1.10

File: /mni/dsc0/hometdimsnmemmrdata/DATA_FROM_NMRSERVICEDavid/2018.08/2018.08.1 0.u5_B4-P5_toc5_14.57_H1_1D

1.88*

2.017F w —

4.01
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213

Department of Chemistry, University of Alberta

d . . Recorded on: w500, Aug 10 2018 Sweep Width{Hz): 33733.8 Acquisiton Time{s): 1 Relaxation Delay(s): 1
- >m__m=.~ ._.mn—.__._c_ou_mw Pulse Sequence: s2pul Digital Res.(Ha/pty:  0.26 Hz per mm{Hzmm): 140,76 Completed Scans 256
David, B4-P5
125.688 MHz C13{H1} 1D in ¢del3 {ref. to CDCI3 @ 77.06 ppm)
temp 27.7 C -> actual temp = 27.0 €, colddual probe
@ d © W W N WL W W MmO oW WMIN G M D I~ O oo & WO - o MmO WM MO OO MM
WA M em s m®m a0 M A H O e o0 Mmoo oM n M @& d o B W1 N WA oW ow NN O N
S WA N O W W Y O G N W W N OIS ® W N NM o NS NN e N
H W LWy M Hd S OO0 ® DO WV W YWY W LI NN W W moMm 2 L = R EEEEEES
L H Mo MMM MMM MmN NN NN NN N N NN N[N N NN NN NN M MMM m o m A
L B e B B B B T B O A = S B s S B B (R S SR (R Qe (- f [ Rl Bl S S S S S |
________‘w.v“.__________~____________________________,_,._______m»________*.;‘..M..__m_._u_________h_mw____w_______,~.________________
240 220 200 180 160 140 120 100 80 60 40 20 0 ppm

File: /mni/d800/home 4imsnmr/nmrdata/ DATA_FROM_NMRSERVICE/David/2018.08/2018.08.1 0.u5_B4-P5_locs_14.58_Ci3_1D



7,8-dimethyl-2-[4-(phenanthren-9-yl)butyl]-3-[3-(phenanthren-9-yl)propyl]quinoline (171).

Department of Chemistry, University of Alberta

Recorded on:  m400, Jun 13 2018

-5 Agilent Technologies  Fuseseauence: presar

Sweep Widih(Hz):  4803.07
Digital Res.(Hz/pt):  0.07

Asquisiton Time(s): 4.987
Hz per mm(Hzmm): 20,01

Relaxation Delay(s}: 0.1

Completed Scans

32

David, B3-P169
400,389 MHz H1 1D in edcl3 {ref. to CDCI3 @ 7.26 ppm}
temp 27.0 C -»> actual ternp = 27.0 C, md00gz probe

-
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File: imnt/d800home 1 dfmsnmrinmidata/DATA_FROM_NMRSERVICE/David/2018.05/2018.06.1 3.md_B3-P169_loc37_20.08_H1_1D
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g - . Recorded on: w500, Jun 29 2018 Swesp Width(Hz): 33783.8 Acquisiton Timels): 1 Relaxation Delay{s): 1
- PG__m-m ._.mn—:_o-n@_mw Puise Sequence: s2pul Digital Res.(Hz/pt: 0.26 Hz per mmHzimm). 14076 Completed Scans 120
David, B3-P169A
125.688 MHz C13{H1} 1D in cdel3 {ref. to CDCI3 @ 77.06 ppm)
temp 27.7 € -> actual temp = 27.0 C, colddual probe
7907679897688_l_1885354022601748549915315509757475
141564598617302320352269217005360552725144188581
7499878973176764006554.31—009835273144207241050451
RO I I e - - - - R R R R R Y P R T I a O
543333333333322222222222222222222222777333333221
1 ﬂlllllAl 1 lflﬁh\ﬂy; BPEEE NSRRI \\v\
gl ot | gy Lt J Lhoyt I
i . ; . N g by .a
X i ; 2 \
___‘_____________Lu______~___________________.n_____________________.________,____________________‘__man_u_-._____;___~»w._________m
240 220 200 180 160 140 120 160 80 €0 40 20 4] ppm

File: /mnt/d&00/home 4imsnminmrdaia/ DATA_FROM_NMRSERVICE/David/2018,06/201 8.06.29.u5_B3-P169A _loc11_17.24_C13_1D



6,8-dimethyl-2-[4-(phenanthren-9-yl)butyl]-3-[3-(phenanthren-9-yl)propyl]quinoline (172).

216

Department of Chemistry, University of Alberta

SO - . Recorded on: 1500, Mar 6 2018 Sweep Widih(Hzy:  6008.62 Acquisiton Time{s): & Relaxation Delay(s): 0.1
' . >ﬂm—¢=~ n_..mn#—._c “5@— es Puise Sequence: PRESAT Digital Res.(Hz/pt):  0.09 Hz per mm{Hz/mm): 25.04 Completed Scans 8
439.787 MHz HT 1D in cdcl3 (ref. to CDCI3 @ 7.26 ppm)
temp 27.7 C -> actual temp = 27.0 C, colddual probe
- I
T T T _ T T T T _ T T T T _ T T T T _ T T T T ‘ T T T T — T T T T m ¥ T T T _ T T T T _ T T T T _ T T T T _ T T T ¥ _ T
10 9 8 7 6 5 4 3 2 1 0 ppm
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o ef m MmN NN MW N o n o ﬂw
o N N u L e o L B B |

File: /mnt/d600/home1 msnmrnmrdataiDATA_FROM_NMARSERVICE/David/26:19.03/201 9.03.06.u5_1_5MeQ2_locd_14,00 H1_1D
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5,8-dimethyl-2-[4-(phenanthren-9-yl)butyl]-3-[3-(phenanthren-9-yl)propyl]quinoline (173).

v

Department of Chemistry, University of Alberta

Recorded ot m400, Jun 27 2018
Puise Sequence: PRESAT

Digital Rea{Hzipt):

. Agilent Technologies

Swaep Widih(Hz): 4803.07
0.07

Acquisiton Time(s),
Hz par mm{Hz'mm): 20.01

4,998 Relaxation Detay(sl: 0.1

Gomplsted Scans 32

David, B3-P181
400.389 MHz H1 1D in cdcl3 (ref. to CDCI3 @ 7.26 ppm)
temp 27.0 C -> actual temp = 27.0 C, m400gz probe

L
] T T T _ T T T T _ T T T 7 _ T T T T _ T T T T m T T T T _ T T T T T _ T T T _ T T T T _ T T T T W T T T T w
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aom HNO M W o QW G (=2 ]
=R o8-] HoN © o & o d oOa e oo
el 2.Lz.n.1m NN mm oNN N

File: /mni/d800/home t44menmu/nmrdata/DATA_FROM_NMRSERVICE/David/2018.06/2018.06.27.m4_B3-P181_i0e35_21 56_H1_1D
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Department of Chemistry, University of Alberta

219

. B - Recorded on:  u500, Jun 28 2018 Swaep Width(Hz): 33783.8 Acquisiton Timels): 1 Relaxation Delay(s): 1
. >@_—¢=n .—.mﬂ_._—,_a_om_—mm Puise Saquence: s2pul Digitaf Res.(Hz/pt): 0.26 Hz per mm{Hz/mm): 140.76 Completed Scans 128
David, B3-P181A
126.688 MHz C13{H1} 1D in ¢del3 (ref. to CDCI3 @ 77.08 ppm)
temp 27.7 C -> actual temp = 27.0 €, colddual probe
5426047212509591901158304288905945284304309276
29809n/7_I2—[417791194511902695461451716837845512
N WL ooy AN MNASWY WO e LN Y MmO NN AN M E S W N O RO W W DO W I @
56—33333333333322222222222222222222777333333211
A il 4 4 4 A Il
; y i i b il '
_uA____________..w_______~_______.___.________;_.______n___________________________________‘___.___j_.___________MV.~_____‘_______»‘_
240 220 200 180 160 14¢ 120 100 80 60 40 20 0 ppm

File: /mni/d&00/nome 4Amsnmr/nmrdalalDATA_FROM_NMRSERVICE/David/2018.06/2018.06.29.u5_B3-P181A _loc3_17.52_C13_1D



2-(4-(phenanthren-9-yl)butyl)-3-(3-(phenanthren-9-yl)propyl)benzo[/]quinoline (174).

Department of Chemistry, University of Alberta

220

Receorded on:  uS00, Sep 8 2018 Sweep Widih(Hz): 6008.62

R . . Acquisiton Timels): 5 Relaxation Delay(s): 0.1
>m__m=n .—.mﬁ_._zc_au_mm Pulse Sequence: PRESAT Digital Res.(Hz/pt): 0.09 Hz per mm(Hz/mm):  25.04 Completed Scans 16

David, B4-P7
499.797 MHz H1 1D in cdcl3 (ref. to CDCI3 @ 7.26 ppm)
temp 27.7 C -> actual temp = 27.0 C, colddual probe

10 < 8 7 6 5 4 3 2 1 0 ppm
i IR AR i LR En iy
-« nao NI NS0 nwnow oo o
o Hdo cowmood rooo an o
e Acd LLLo.Llu_n A BEEES

File: /mnt/dE00/homat Afmsnmrnmrdata/DATA_FROM_NMRSERVICE/David/2018.09/201 8.09.08.u5_B4a-P7_lac1i_12,16_MH1_1D



Department of Chemistry, University of Alberta

> . . Recorded on: U500, Sep 82018 Swesp Widih(Hzy 33783.8 Acquisiton Timefs): 1 Relaxation Delay(s): 1
- >u__m:n .—.mn—_nc_on_mm Puise Sequence: s2pul Digital Res.(Hzipt): 0.26 Hz per mm{Hz/mm): 14076 Completed Scans 512
David, B4-P7
125.688 MHz C13{H1} 1 in cdeI3 (ref. to CDCI3 @ 77.05 ppm}
temp 27.7 C -> actual temp = 27.0 C, colddual probe
@ W W In v W s O W W M W H M monmN M S N O M S o MY W ® O o )
O NN N M~ W Inom W WO NNOS 4V AW e N Mmoo O MmO N O H N ow i
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Lo B B B TR S B e QA I i | LB B B B R B B S T S SR B S | H ol d o d e Ao H o
\ ///C\ L\X
; " } . y . ;ri - : .
Ao e ’ : e w——_E ¥
_______________.___b____________>______m,___________________v______"._____u____h;>_.__,____.l“______‘.___m_________w,__.,____.____Mj
240 220 200 180 160 140 120 100 80 60 40 20 0 Ppm

Fite: \32_dmco\303mqASSM:5:,,:8ammm\DPﬂbﬁﬂmOng?_mmmm(_ﬁm\um&a\mg 8.09/2018.09.08.u5_B4-P7_joc1i_11.58_C13_10
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Department of Chemistry, University of Alberta

- - . Recorded on:  m400, Jun 27 2018 Sweep Width(Hz): 4803.07 Acquisiton Time(s): 4.998
--£,3- Agilent ._.mn—_ac_ou_mm Pulse Sequsnce: PRESAT Digital Res.(Hzipt): 0.07

Hz per mm{Hz/mmy: 20,01

Relaxation Delay{s}: 0.1

Completed Scans 32

David, B3-P171
400.389 MHz H1 1D in cdcl3 (ref. to CDCI3 @ 7.26 ppm)
temp 27.0 C -» actual temp = 27.0 C, m400gz probe

_

8 7 6 5 4 3 2
B ey LAk N
8% 2 3% 3838 3 3%
I 8 end A =«

File: /mni/d&00/home14/imsnmrnimrdata/DATA_FROM_NMRSERVICE/David/2018.06/201 8.08.27.m4_B3-P171_loc33_20.37_H1_1D

3-[4-(phenanthren-9-yl) butyl]-2-[S-(phenanthren-9-yl) pentyl]-7,8,9-cyclopental/]quinoline

(175).
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2-[4-(phenanthren-9-yl)butyl]-3-[3-(phenanthren-9-yl) propyl]-1-azatetraphene (176).

Agilent Technologies

David, B3-P175
400.389 MHz H1 1D in cdcl3 (retf. to CDCI3 @ 7.26 ppm)
temp 27.6 C -> actual temp = 27.0 C, m400gz probe

Department of Chemistry, University of Alberta

Recorded on: m400, Jun 27 2018 Sweep Widi

Pulse Sequence: PRESAT Digital Ras (Hzipt): 0,07

) 4803.07

Acquisiien Time(s): 4.998
Hz per mm{Hz/mm}):  20.01

Relaxation Delay(s): 0.1
Completed Scans 32

_
10 9
PR Py
Boaeden vwo o
N ocodoo NOWN
O dArcdsAd wdm

13,11

File: /mnt/d6C0/home 14 frmsnmifnmrdata/DATA_FROM_NMRSERVICE/Davidi2018,06/201 8.06.27.m4_B3-P175_lec34_21.16_H1_1D
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Department of Chemistry, University of Alberta

. - Recorded om: uS00,.Jun 29 2018 Sweep Widih(Hz): 33783.8 Acquisiton Timeafs): 1 Aslaxation Delay(s): 1
- Agilent .—.wnr:a_om_mw Pulse Sequence: s2pul Dighal Res (Hz/pt): 0,26 Hz per mmHz/mm):  140.76 Complated Scans 128

David, B3-P175A
125.688 MHz C13{H1} 1D in cdcl3 {ref. to CDCI3 @ 77.06 ppm)
temp 27.7 C -> actual temp = 27,0 C, colddual probe

dW o @n ® o NN Y YN MmO @KW 0w ald a6 oo m o o1n
NSO >0 O WO WONDMNEMFWM NGNS MM©D Wa o med © o o oo
WinWYW YO0 MmOWMONr Y NS NE YWY NG o] ©® DM O )
v mMAaddddd o oon 00 ®®on~Lowwwvo ol e e o o o o
GO OMa MMM MmN NN NN NN NN NN N NN NN o o M 0o N
1—11111111111111111111111111—111111

___________n_______________.m_:___:_____________::_________;_____._:_________,__:_____________:._:_.___:____________.___._._

240 220 200 180 160 140 120 100 80 60 40 20 0 pPpm

File: /mny/d600ome 1 4/jmsnmr/nmrdataDATA_FROM_NMRSERVICE/David/2018.06/2018.06 20.05_B3-P1 75A_loc3_16.48_C13_1D
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6-methoxy-3-[2-(phenanthren-9-yl)ethyl]-2-[3-(phenanthren-9-yl)propyl]quinoline (177).

Department of Chemistry, University of Alberta

Facorded on:  m400, Jun 27 2018 Sweep Widih{Hzy:  4803.07

e . . Acquisiton Time(s): 4.998
e - >m——mq—.~ .u-mn—.:_ommw@_ﬂw Puise Sequence: PRESAT Digitat Res.(Hz/pty: 0.07 Hz per mm(Hz/mm):  20.01

Relaxation Delay(s): 0.1

Compisted Scans 82

David, B3-P207
400.383 MHz H1 1D in edel3 (ref. to CDCI3 @ 7.26 Ppm)
temp 27.0 C -» actual temp = 27.0 C, m400gz probe

N ’z
OMe

8 7 6 5 4 3 2
B PR f ¥ N Ly
mao nodeme @ [l < D W Lo~ [ng o
N - oeNnon 1 ) = odon u o}
di  ddend o o X decid s o

File: /mnt/d6C0Mometdjmsnmunmrdata/DATA_FROM_NMASERVICE/David/2018.06/201 8.05.27.md_B3-P207_loc36_22.36_H1_1D
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Department of Chemistry, University of Alberta

: . - Recorded o U500, Jun 29 2018 Sweep Widih(Hz): 33783.8 Acquisiton Time(s): 1 Relaxation Defay(s): 1
- - >@__m=n .—.Wﬂ_u:Q_Om_mm Pulse Sequence: s2pul Digital Res.(Hz/pt): 0.28 Hz per mm{Hz/mm): 140,76 Complated Scans 128
David, B3-P207A
125.688 MHz C13{H1} 1D in edel3 (ref. to CDCI3 @ 77.06 ppm)
temp 27.7 G -> actual temp = 27.0 C, colddual probe
96905456638579284995489435502774254063517118800
154.0541241—9584693911474471—147730427268881591143
31582999531769650965411093432144962074533341096
554333333333322222222222222)—2222207775333333322
11111111111111&%1\\\%_111%1111 \\
\ =
Z o
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i
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1 &) |
[diLbd b iy ) ' |l ;
. . G inlih ; Wi Lot i
_____».________ﬁ____‘_______u_..____________________.________.m._____W...>_________._tb.._______.n___u________..____.._m»___wu____m___
240 220 200 180 160 140 126 100 80 60 40 20 0 ppm

File: imnv/d660/hometd fmsnmenmrdata/DATA_FROM_NMRSERVICE/David/2018.06/2018,06 29.u5_B3-P207A_loc_17.36_C1 3 iD



6-bromo-3-[2-(phenanthren-9-yl)ethyl]-2-[3-(phenanthren-9-yl)propyl]quinoline (178).

Department of Chemistry, University of Alberta

Recorded on: m400, Jun 13 2018 Sweep Widih(Hz): 4803.07

. >m=m=~ .—-ﬂﬁ————ﬁ—cmmmm Pulse Sequence: PRESAT Digital Res.(Hz/pt): 0.07

Acquisiton Timel(s): 4.997
Hz per mmgHz/mm): 20,01

Relaxation Delay{s): 0.1
Completed Scans 32

400.389 MHz H1 1D in cdcl3 (ref. to CDCI3 @ 7.26 ppm)
temp 27.0 C -> actual temp = 27.0 C, m400gz probe

N/
Br

8 7 6 5 4
A
o~ N min
o N Hwo
N N e
~

File: /mni/d600/home dfimsnmtmmrdata/DATA_FROM_NMRSERVICE/David/2018 06/2018.06.13.m4_B4-P1-3_loc39_21.23_H1_1D
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Department of Chemistry, University of Alberta

229

o. . - Recorded on:  m400, Jun 29 2018 Sweep Width(Hz): 25188.9 Acquisiton Timefsy: 1 Relaxation Delay(s}: 2
t.2 Agilent .—.mn::m_ou_mw Pulse Sequence:  s2pul Dighal Res.(Hzipty: 0.19 Hz per mm(Hz/awmy: 83.33 Comploted Scans 1536
FE
David, B4-P1A
100.688 MH2 C13{H1} 1D in cdci3 (ref. to CDCI3 @ 77.06 ppm)
temp 27.0 C -> actual temp = 27.0 C, m400gz probe
185765024789902355510952584412 5014582958963369551
880008128958009142397535507416 SN H N W NN O M O M N o
4n—71nl_b987217735693096554220005 M MmN TN M ND Y MmN N O @ O N
643333333333332222222222222222 NN NN NH DM mMoMmoMm oMo N NN
X TS TR TR BS JU Js Jt t  t Ja S B 1¥1 Addeaag93389 % oo J{i
\ =
Z as)
" ] ol I " s
" 4 A 5 it " "
__________n.___;_______«_.u_______________‘_»_______________m___—___.______~___m_____u____m_____h—ﬂ
180 160 140 120 100 80 60 40 20 pPpm

File: imnt/d&00homet 4imsneniinmrdata/DATA_FROM_NMRSERVICE/David/2018.06/201 8.06.29.m3_B4-P1A_foc7_12.40.C13_1D



N, N-dimethyl-3-(4-(phenanthren-9-yl)butyl)-2-(5-(phenanthren-9-yl)pentyl)quinolin-6-

(179).

amine

Depatiment of Chemistry, University of Alberta

R - . . Retorded on: U500, Sep 8 2018 Sweep Widih(Hz): 6009.62
- T >@~—O=ﬁ .—.ﬁﬂ—U—_Q—Q@—mw Pulse Sequence: PRESAT Digital Bes.{+H2/pt): 0,09

Acquisiton Time(s: &
Hz per mm{Hz/mm):  25.04

Relaxation Delay(s): 0.1

Completed Scans 16

B4-Pi5

499,797 MHz H1 1D in cdcid {ref. o CDCI3 @ 7.26 ppm)
temp 27.7 C-> actual temp = 27,0 C, colddual probe

N/
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File: /mnt/d600/Home1 dfmsnmrinmrdaiaDATA_FROM_NMAS ERVICE/Davidi2018 019/201 8.09.08.u5_B4-P15_jac8_13.02_H1_1D
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Department of Chemistry, University of Alberta

v..n - - - Recorded on: U500, Sep 82018 Sweep Width(Hz): 33783.8 Acquisiton Time{s}: 1 Retaxation Delay(s): 1
es g >m_=m_.= .—.mn_.:—ﬁucﬁ—mw Pulse Sequence: s2pul Digital Res.(Hz/pt): 0.26 Hz per mm(Hz/mm):  140.76 Completed Scans 512
David, B4-P15
125.688 MHz C13{H1} 1D in cdcl3 {ref. to CDCI3 @ 77.06 PPM)
temp 27.7 C-> actual temp = 27.0 C, colddual probe
O N w VWO QMmO d YR NN W N WO H N HWW®? DO WNOOIN O LT T B T I S )
W N MmN NN WY D WO oA i B R - B T T, S B Y S - Ry 4 O 0 MmomoN SN O
@ MmO om0 WIS O S W N 2 = O 0 o~ o N d ¥ M W o N O~ oW Mmeme v o N ®
W WM d e O O 0o o ™ W W W W W W o fom nq“ n;m -L Qu. _hw —I- =~ ‘w nw B MmN o o o o Q.“
Mm M MMM Mmm ™ NN NN A NN NN NN M T T B = R T s S A R ) m N~
Ll B S A S TS T R SR S S i | L B B R S B | H o = A = = =

%

N/
/N\

___________..__________________._______.________w_________:__,___________%____..._________.____.:t_,_______,_:n_:__:____.____J|_|7

240 220 200 180 160 140 12¢ 100 80 60 40 20 0 Ppm

File: /mnt/d6C0/homet dmsnmrinmrdala/DATA_FROM_NMRSERVICEDavid/2018.09/201 8.09.08.u5_B4-P15_loc8_12.44_C13_1D
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6-ethyl-2-[4-(pyren-1-yl) butyl]-3-[3-(pyren-1-yl) propyl] quinoline (180).

Department of Chemistry, University of Alberta

Recorded on:  u500, Sep 82018

. . Width(Hz): 6009.62
3o >@——m=n .—.mﬂ—:_a—_uﬂ_mm Pulse Sequenca: PRESAT > .

Digital Res.(Hz/pt): 0.09

Acquisiton Time(s): 5

Hz per mm({Hz/mm): 25,04

Ralaxation Delay(s):
Completed Scans 16

0.1

B3-P167
499.797 MHz H1 1D in cd¢i3 (ref. to CDCI3 @ 7,26 ppm)
temp 27.7 C => actual temp = 27,0 C, coldduzal probe

\

e

moaorodHYn
SHMNO QRO

AN A O

File: /mni/d600/home | Almsnmuamrdata/DATA_FROM_NMRSERVICEDavidiz01 8.09/2018,00.08.u5_83-P167_loc10_11.54_H1_1D
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Department of Chemistry, University of Atberta

233

: . . Recorded on: U500, Sep 82018 Sweep Widih{Hz): 33783.8 Acquisiton Timels): 1 Retaxation Delay{s): 1
- >m—_m=~ .ﬁmﬂ:—ga_@@_mm Pulse Sequence: s2pul Digital Res.(Hz/pt::  0.26 Hz per mmiHz/mm):  140.76 Completed Scans 512
David, B3-P167
125.688 MHz C13{H1} 1D in edel3 (ref. to CDCI3 @ 77.06 ppm)
temp 27.7 C > actual temp = 27.0 C, colddual probe
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3-(2-(pyren-1-yl)-2-(3-( pyren-1-yl)propyl)-7,8,9,10-tetrahydrobenzo[/.]quinoline (181).

Dep 1t of Ch y, University of Alberta
k g . - Recorded on:  ¥700, Jul 30 2019 Sweep Width(Hz):  8389.26 Acquisiton Timeds): 5 Relaxation Defay(s): 0.1
- . >@m_®=.~ .—.ﬂﬂ—,——uﬁ—@ﬂ—mm Pulse Sequence: PRESAT Rigital Res.(Hz/p): 013 Hz per mm(Hz/mm):  34.95 Completed Scans 8
699.762 MHz H1 1D in cdcl3 (ref. to CDCI3 @ 7.26 ppm)
temp 27.5 G -> actual temp = 27.0 C, coldid probe
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2-(4-(pyren-1-y)butyl)-3-(3-(pyren-1-yl)propyl)-7,8,9,10-tetrahydrobenzo[/]quinoline

(182).

Department of Chemistry, University of Alberta

‘pnet - - flecorded on: U500, Jun 29 2016 Sweep Width(Hz): 6009.62 Acquisiton Time(sy: 5
- . >@——ﬁ=ﬁ .—.mﬂ—,—m—a—ﬁﬂ—mw Pulse Sequence: PRESAT Digital Res(Hz/pt): 0.0 Hz psr ma{Hz/mm):  25.04

Relaxation Delay(sy: 0.1
Completed Scans 16

499.806 MHz H1 PRESAT in cdel3 (ref. to CDCI3 @ 7.26 ppm), temp 27.7 C - actual temp = 27.0 C, colddual probe
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(E)-8-((5-(phenanthren-9-yl)pentylidene)amino)naphthalen-1-amine (200).
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(1E,1'E)-N,N'-(naphthalene-1,5-diyl)bis(5-(phenanthren-9-yl)pentan-1-imine) (202).
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