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ABSTRACT

The main topics of this dissertation are: 1) the development and discussion of a new
molecular balance for measuring alkyl-alkyl interactions in a wide array of organic
solvents, 2) the development of linear solvation energy relationships between solvent
interaction parameters and solvent accessible surface area (SASA) in CH-arene
interactions, and 3) the development of online resources for helping undergraduate students
perform organic chemistry mechanisms problems well.

The solvophobic effect, that is the forced association between two solutes due to
intermolecular attraction of the solvent molecules, is ubiquitous in organic chemistry and
responsible for many significant phenomena thereof. However, there is a lack of
experimental data on the effect due to its weak nature. Therefore, an intermolecular
torsional balance system was developed specifically to isolate and measure the solvophobic
effect across a wide range of organic solvents. The SASAs of the balances were altered to
gauge how the solvophobic effect changes with the size of the solvent-solute interface.
From the data collected, a predictive model correlating solvent cohesion, solute association
energy, and solvent-solute interface area was developed which accurately predicted the

association energy of the hydrophobic effect from previous literature.

Like solvent cohesion, the Kamlet-Taft, Catalan, and Laurence solvent parameters
have been closely related with various solute-solvent association properties. Using a set of

molecular torsional balances, we correlated the relationships between solvent parameters,

Vi



solute-solvent interface area, and solvent-solute association energy of different CH-arene
interactions. Results demonstrated a similar solvophobic effect between both CH-n
interactions and CH- aromatic edge interactions, and that similar solvent parameters

dominate the interactions.

College level organic chemistry presents itself as a major difficulty to many
undergraduate students. In response, we surveyed a sample of underperforming exams to
assess which areas were the most troublesome in writing electron-pushing formalisms
(EPF). Online tutorial modules were then developed which instructs students in a step-by-
step procedure on how to accomplish EPF problems with specific focus on the most
prevalent problem areas. Furthermore, additional notes linking to problem to fundamental
concepts of organic chemistry were addended within the example problems in order to
facilitate the transition of students from understanding organic chemistry from rote

memorization to a relational understanding of the principles.
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CHAPTER 1

MOLECULAR DEVICES FOR MEASURING SOLVOPHOBIC EFFECTS AND

DEVELOPING SCAFFOLDING TOOLS FOR TEACHING ORGANIC CHEMISTRY



1.1 Abstract

The first chapter of this dissertation provides an introduction to solvent induced
non-covalent interactions, the practical implication thereof, and challenges in studying
such. Likewise, the importance of weak non-covalent interactions which are composed of
electrostatic as well as dispersion components will be discussed, including the topic of
multiparameter linear solvation energy relationships (LSER). Next, a brief overview will
be given on how molecular devices have been used to collect measurements of weak
noncovalent interactions. Finally, a discussion will be given on the modes of learning
organic chemistry undergraduate students employ as the prolegomena for designing online

learning tools for them.
1.2 Hydrophobic and Solvophobic Effects

Solvent environments profoundly affect how solutes interact with one another,
influencing reaction rates and self-assembly stability trends. The most notable example of
this is the hydrophobic effect, which drives the segregation of organic substrates in aqueous
media. An example of the hydrophobic effect is in the emulsification of oil droplets in
water. The hydrophobic effect also plays a role in key biological functions, such as protein
folding,* lipid aggregation,? and enzymatic functions.®* The hydrophobic effect can also
accelerate the rate of reactions in water, such as in Diels-Alder cycloadditions and Claisen
rearrangements.’ The ability to catalyze certain organic reactions without the use of
expensive or harsh catalysis makes hydrophobicity important in synthesis and green

chemistry.



The hydrophobic effect consists of several competing and synergistic forces.
Counterintuitively, the hydrophobic effect is not driven by repulsive forces between the
aqueous media and the organic solutes. In many instances, particularly for hydrogen
bonding organic solutes, there is very good attraction between the organic solute and the
water molecules. However, this solute-solute attraction is in competition with two
attractive interactions: the solvent-solvent and solute-solute interactions (Figure 1.1). In
aqueous media, the solute-solvent association is dominant due to the ability of water
molecules to form multiple strong solvent-solvent hydrogen bonds. This creates an
extremely strong attraction between water molecules. Finally, the solvent-solute competes
against the hydrophobic effect, which is why hydrogen bonding and ionic solutes form
weaker hydrophobic interactions. The interplay between these three forces manifests in

what is observed to be the hydrophobic effect.
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Figure 1.1 Equilibrium between solvated organic compounds (left) stabilized by
solvent-solute attractions, and the desolvated state (right) stabilized by solute-solute and
solvent-solvent attractions.

Organic solvents lack the strong cohesive hydrogen and dipole-dipole bonding of
water, thus making the organic solvophobic effect significantly weaker than the
hydrophobic effect. This obstacle has made the study of the solvophobic effect challenging.
Despite its weak nature, the organic solvophobic effect is still of interest due to its influence

in reaction rates and selectivity, molecular recognition, and self-assembly.



1.3 Measuring Solvophobic Effects with Molecular Devices in Organic Solvents

Unimolecular devices have been effectively employed for observing weak non-
covalent interactions.® Molecular torsional balances assume multiple conformations, which
are observable on an NMR timescale by a transitional barrier. Upon equilibrium, the
differences in the population of the two conformers reflects their thermodynamic stability,
which can then be converted into energy values using the Gibbs free energy relationship.
The benefits of using unimolecular systems include the ability to obtain desired interactions
without the need for high concentrations of analyte, good control of interaction distances
and geometry, and the independence from using supporting interactions to enable weaker
interactions to occur. Furthermore, the use of alkyl-alkyl interactions has been found to be
efficient in measuring solvophobic effects.”® Due to the minimal masking of the actual
solvophobic effects, non-polar saturated hydrocarbons exhibit weak VDW intermolecular
attractions which can be measured. Thus, incorporating alkyl-alkyl interactions into

molecular devices is an effective tool for isolating weak solvophobic interactions.

Several variations of unimolecular devices have been developed for measuring
weak VDW forces (Table 1.1). Classic examples are cycloocta-1,3,5,7-tetraene derivatives
which can assume a chair-like unfolded conformations or a puckered folded
conformations.’ The folded conformations become more favorable with larger alkyl
substituents and more polar solvents.!® An azide molecular switch, developed by Wegner
et al., which transitions from a syn-conformation to an anti-conformation upon ultraviolet
radiation excitation, has been utilized to show that increasing the length of pendant alkyl
chains increases the half-life of the syn-conformations. The system was also responsive to

different solvents, where in a more cohesive solvent (i.e. DMSO), the half-life of the syn-



conformation increased dramatically compared to low cohesion solvents like n-decane.
Similar results were obtained by Schweighauser et al. using non-linear alkyl groups'* and
by Wilming using a bifluorenylidene balance!?. Cockroft et al. used Wilcox’s Trogar base
torsional balance model to develop a molecular torsional balance where an alkyl chain
pendant rotates with a phenyl axis. 1*'* Weak alkyl-alkyl interactions were measured in a
wide range of solvents, including organic-aqueous mixtures and perfluorinated solvents.
Moreover the measurements taken were very accurate with errors of less than 0.03

kcal/mol.

Even in alkyl-aryl molecular device systems where solvophobic interactions could
not be isolated, solvophobic effects could still be recognized and characterized. Using the
Troger base molecular balance, Bhayana and coworkers saw the promotion of the folded
conformer across several alkyl-aryl interactions from measuring in water from
chloroform.*® Maier and coworkers, using a succinimide alkyl-aryl balance, observed that
high polarity non-protic solvents promoted the folded conformation in their balance
system.® Lastly, Emenike and coworkers were able to correlate folding trends in their

succinimide balance system to solvent polarity and hydrogen bonding trends.’

Table 1.1: Unimolecular devices used to observe solvent effects in which
parameters were correlated with increased solute-solute interactions.

Author Molecular device Interaction | Solvents | Solvent/solute
measured used parameters
used
Wegner Jét Linear and 2 Number of
2015and | * Neg R ~—= Rj@/”w non-linear carbons in
2010 | T3 | alkyl-alkyl solute




Schreiner Sy g Linear and 7 ASASA of
2022 \ \ non-linear solute
~5 0 (ST~ | alkyl-alkyl
Schreiner Non-linear 16 Catalén
2020 alkyl-alkyl polarizability
of solvent
goolc?l)(;?]fé @ O Z i Li :Iii/rl erlrcyj/l- 24 ced of solvent
o & 0 C
2015 9 . perfluorinated
Q o T alkyl-alkyl
Shimizu R Alkyl-aryl 21 ced of solvent
2017 °N© ”J;Rj
(0] (0]
Emenike o L) Q Alkyl-aryl 7 Kamlet-Taft
2018 5 ' J R parameters of
o= S solvent
%’ %
Wilcox Q Z O o Alkyl-aryl 2 ASASA of
2007 “ Q °’R solute
-

1.4 Predicting Hydrophobic and Solvophobic Effects

Solvent and solute parameters can be individually or collectively employed to
model and characterize solvophobic interactions. The strength of the hydrophobic and
solvophobic effects correlates to the change in solvent accessible surface area (ASASA) of
the solutes in the interaction equilibrium, which provides an estimate of the number of
solvent molecules released by the formation of solute-solute complexes as outlined by the
Lum-Chandler-Weeks theory.*® The SASA calculations can be adjusted to incorporate the
molecular radius of the solvent, with SASA solvent probes typically being 1.4 A to reflect
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the molecular radius of water.'>?° The correlation between SASA and the strength of the
hydrophobic and solvophobic effects have been demonstrated by melting and boiling point

experiments. 2422

Solvent cohesion, a measure of attractive interactions between solvent molecules,
is another key component. Cohesive energy density (ced) is experimentally derived from
the heat of evaporation of a solvent from the solution to the gas phase. The correlation
between ced and both hydrophobic and solvophobic interactions has been
demonstrated.’*?* For instance, ced is a good predictor of the solvophobic effect of
hydrocarbons where special interactions are minimized. Organic solvents generally fall
within the ced range of 50 to 210 cal/cm?, while water has a ced of 550 cal/cm?, making

extrapolation of cohesion trends from one to the other difficult.

Another experimental parameter, ET(30), which describes a solvent’s polarity
using the wavelength of a dissolved solvatochromatic dye, has also been correlated with
the strength of hydrophobic and solvophobic effects.?*2* It provides a measure of how well

solvent molecules can form dipole-dipole interactions with solvent and solute molecules.?®

The Kamlet-Taft solvent parameters, which describe specific polarized interaction
events in which solvent molecules participate, account for the hydrogen donor (a),
hydrogen acceptor (B), polarizability and dipolarizability (7) abilities of a solvent with a
correction in energetics (8) for aromatics and alkyl halides.?® The combination of these
terms enables the prediction of solvent-solvent attractions as well as solute-solvent
interactions. Solvation energy can be mathematically represented (Equation 1.1), where a,

b, s, and d are fitting coefficients and (XYZ)° represents unaccounted factors.



Equation 1.1: AG = (XYZ)° + aa + b + s(n* + dd)

There are also lesser-known Laurence and Catalan parameters used in
characterizing solvent polarity and hydrogen bonding effects.?"?° Multiparameter
relationships are beneficial for studying alkyl-aryl systems as demonstrated by Emenike
and coworkers, due to their ability to describe multiple solvent and solute interactions

simultaneously.*’

Using this background, the goal of the research was to use unimolecular devices
which could measure weak solvophobic effects and develop simple models based on
known solvent and solute parameters which could be used to analyze the data to accurately
predict the solvophobic energies for different systems. In particular, alkyl-alkyl and CH-
arene interactions were analyzed using a combination of solute SASA data and solvent
parameter data to predict interaction energies. The projects utilize succinimide balances as
they have proven to be a versatile measuring tool throughout many solvents and interaction
types.®
1.5 Identifying and Addressing Difficulties in Learning Organic Chemistry

Organic chemistry is a required course for many undergraduate students,
particularly those pursuing degrees in medicine and biology related sciences, offered by
nearly every institution of higher education. However, many students find passing the
course challenging, leading to high attrition rates, often cited to be between 30-50% for
pre-medical majors as of 2008.%° Even students who have excelled in previous mathematics
and chemistry courses have been known to struggle with the subject, leading to as much as

40% of students to changing majors.3! This high attrition rate is detrimental to students,



causing delays in graduation, additional tuition and student loan costs, and increased

anxiety which can lead to further underperformance.*?

Educational scientists have been studying the work and thought processes of
students to identify areas of difficulty and inform educators on optimal approaches to
teaching organic chemistry. Studies have been conducted to understand how students
conceptualize both organic chemistry as a whole, and specific concepts within it, from
which practical suggestions are made. One useful distinction made by Skemp is the
categorization of instrumental learning and relational learning. Instrumental learning is
based on students learning a set procedure or rule for solving a specific type of problem.
Relational learning is based on students learning the special connections concepts have
with one another. As summarized by Skemp, instrumental learning involves knowing what

to do, while relational learning involves knowing what to do and for what reason.

Advantages of relational learning include a need for fewer rules and procedures to
memorize, greater adaptability to new topics, and a better foundation for addressing
problems that deviate from the norms of the field. For organic chemistry, which has a wide
range of topics students must learn, relational learning is optimal and should be
encouraged. However, while often dismissed as "rote memorization", instrumental learning
has practical benefits for an exam-based course. Instrumental learning is a faster method
to become proficient in performing in a specific topic. This is beneficial in an organic
chemistry course as students are required to become proficient in the class topics by their
exam dates. Even though students acknowledge that instrumental learning is inferior to
relational learning for understanding the topics, it is often resorted to as it is a more intuitive

and expedient way to study for examinations. Furthermore, seeing immediate results from



this method gives students a confidence boost to continue applying themselves to their

studies.

Educational scaffolding is a pedagogical methodology where a complex task is
divided into smaller, feasible tasks for the students to complete.>* The benefit to this
approach is that students are not overwhelmed in having to understand difficult concepts
or perform difficult tasks all at once. However, once the tasks are completed correctly, the
student will have achieved a goal they otherwise would not be able to complete on their
own without assistance from the system. It also leads to students experiencing small
achievements which keeps them motivated to continue learning the concept at hand.
Importantly, scaffolding is to be used as a temporary means of helping the student until
they are comfortable and proficient in the concept being taught. Otherwise, it tends to
promote a shallower instrumental understanding of the subject instead of relational
understanding.®® Scaffolding is widely implemented in the field of mathematics

education,® but is fairly limited in organic chemistry education.

An online resource was developed to provide a scaffolding framework for students
to learn electron pushing formalisms (EPF) in reaction mechanisms. The purpose was to
assist struggling students in gaining proficiency in the topic and to provide them with the

tools for transitioning from an instrumental to a relational mode of learning.
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CHAPTER 2

AN EMPIRICAL MODEL FOR SOLVOPHOBIC INTERACTIONS IN ORGANIC

SOLVENTS
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2.1 Abstract

An empirical model was developed to predict organic solvophobic effects based on
the measurements of a series of molecular balances. The balances have an N-phenylimide
framework and were designed to measure the weak solvophobic interactions between non-
polar alkyl surfaces. Solution studies and X-ray crystallography confirmed that the
balances formed intramolecular alkyl-alkyl interactions in the folded conformers. The
structural modularity of the balances enabled systematic variation of the lengths of the
interacting alkyl surfaces. Control balances which could not form strong intramolecular
interactions were critical in isolating the weak solvophobic effect by removing framework
and specific solvent-solute contributions to the folding equilibria. The folding ratios were
measured in 46 deuterated and non-deuterated solvent systems via integration of the *°F
NMR spectra. Consistent with previous studies, a strong correlation was observed between
the interaction energies and the solvent cohesive energy density (ced) and with the change
in solvent accessible surface areas (SASA). An empirical model was developed from the
combination of the SASA and ced parameters along with the incorporation of the solvent
data from Cockroft’s alkyl-alkyl balance. The model predicts the solvophobic interaction
energy per unit area for any solvent with known ced values. The interaction energies

predicted by the model were consistent with recent organic solvophobic measurements and
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with the literature values for the hydrophobic effect for non-polar surfaces, demonstrating

the accuracy and value of the model.

2.2 Introduction

The solvophobic effects of water have been extensively studied due to their strength and
central role in many important processes such as protein folding,** micelle and membrane stability,
4% enzyme selectivity,®’ and synthetic reaction rates and stereoselectivity.®2° While the origins of
solvophobic interactions are complex, a common rationalization is the exchange of weak solvent-
solute interactions for stronger solvent-solvent interactions, which drives the formation of the
solute-solute complex (Figure 2.1). Thus, the strength of the hydrophobic effect can be attributed
to the high cohesive energy of water molecules. The solvophobic effects for organic solvents are
considerably weaker due to the low cohesive energy of organic solvents. Accordingly, the
solvophobic effect of organic solvents has been less studied.'** However, organic solvents are
widely used for many applications and processes, and even weak organic solvophobic effects can
influence catalyst selectivities,’* crystal packing patterns,’> and assembly stabilities.?”*8
Therefore, the goal of this study was to develop an empirical model which could predict the strength

of the solvophobic effects for alkyl-alkyl interactions in any organic solvent.

2.3 Experimental Design

Our approach to developing a predictive model builds on previous organic solvophobic
effect studies.?2* Cohesive energy density (ced) is a solvent parameter that has been shown to have
a strong correlation with solvophobic interaction energies.?2*31%-2 The solvophobic effects are
strongest in high cohesion solvents, with water having the highest ced value of 550 cal/cm?®. The
ced values of common organic solvents such as benzene, chloroform, and THF are significantly
lower (84.7 to 86.9 cal/cm?®), which is consistent with the weak solvophobic effects in organic

solvents. The solvophobic effect has also been correlated with the change in solvent accessible
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surface area (ASASA).?>2 This parameter provides a measure of the number of solvent molecules
or the surface area of the solvent molecules displaced from the solvent-solute complexes upon
formation of the solute-solute complex.?*?® In this work, an empirical expression was developed
for the solvophobic interaction energies from the solvent ced and the ASASA of the interaction.
The equation was derived in two stages. First, the normalized folding energies (AAG) for a series
of molecular balances that formed intramolecular alkyl-alkyl interactions were measured over a
wide range of solvent environments. The slopes of the AAG versus ced plot (Slopeaaciced) for each
balance provided a measure of the magnitude of the solvophobic effects for each balance. Second,
the slopeaaciced values were correlated with the AASASA for the intramolecular alkyl-alkyl
interactions. The trendline for this second plot provided an expression for the solvophobic
interaction energy (Equation 2.1) with respect to ced and ASASA, which was tested by comparing
the predicted solvophobic interaction energies against previous measures of the solvophobic effects

in organic'® and aqueous solvent systems.?

Equation 2.1 AGsolvophobic = C€d * ASASA « -5.26 x 107 cal* cm® A2 kcal mol*

Accurate measures of the weak organic solvophobic effects were provided by
molecular torsional balances (Figure 2.1), which were designed to measure the
intramolecular interaction of two alkyl surfaces (R1 and R2) via their influence on a
conformational equilibria.?’~2° The central Cghenyi-Nimice Single bond has restricted rotation,
generating distinct folded and unfolded conformers.3%-23 In the folded conformer, the alkyl
groups are held close together in an aligned geometry which favors the formation of an
intramolecular alkyl-alkyl interaction. In the unfolded conformer, the alkyl groups are held
apart, preventing the formation of alkyl-alkyl interactions. In the *H and °F NMR spectra,

the peaks for the folded and unfolded conformers were in slow exchange at room
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temperature. Thus, the folded/unfolded ratio could be measured by integration of the area
under the corresponding peaks.

Saturated hydrocarbon R1 and R2 groups were chosen as the interacting surfaces to
help isolate the solvophobic effects. Alkyl groups are non-polar and do not form strong
solvent-solute interactions such as hydrogen bonds or electrostatic interactions. Thus, the

primary solvent effects would be solvophobic effects.

b
e S H « - lfolded] SYsR,)

4" [unfolded]
unfolded folded

Figure 2.1 Schematic representation of the folded-unfolded equilibria of molecular
balances 1a-c with short, medium, and long alkyl thioether groups.

The modular design of the balances enabled efficient synthesis and variation of the
contact surface areas of the interactions (Figure 2.2). Balances l1a, 1b, and 1c with the
same length Ry groups (decyl) but with varying length Rz groups were assembled in 4 steps.
First, the n-decyl ether (OR1) was installed on the phenyl rotor via nucleophilic aromatic
substitution on 2,5-difluoronitrobenzene to yield phenyl ether 2. The nitro group of 2 was
reduced with Hz and Pd/C to give aniline 3, which was condensed with maleic anhydride

to give maleimide 4. In the final step, the Michael addition of alkyl thiols of varying lengths
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to maleimide 4 yielded long (1a), medium (1b), and short (1c) balances with Ry =

(CH2)9CHs, (CH2)sCHs3, and CH2CHg, respectively.

i O(CH:)sCHa O(CH2)oCHs
CHj3(CH,)gOH Hy, PAIC
NO, ——> NO, —— — "5 NH,
KOH, DMF ) EtOH 3
" (66%)  © 67%)
O(CH,)eCH3
© o
0 o) O(CH,)gCH
U 5 CH3(CH,),SH N H
100 °C o TEA, benzene F S(CH2),CH3
(46%) F 4 (47-90%) 1a(n=10)
1b (n = 5)
1c (n=1)

Figure 2.2 General synthetic route for balances 1a, 1b, and 1c, with long, medium, and
short alkyl thioether groups.

To facilitate measurement in a wider range of organic solvent systems, a 1°F NMR
label was inserted into the 5-position of the N-phenyl rotor. Thus, the NMR measurements
of the folding ratios were not limited to deuterated solvents (Table 2.1). Of the 46 solvent
systems, 28 were non-deuterated solvents with an additional 5 mixed solvent systems.
Monitoring the folding equilibria using proton decoupled °F NMR was critical to provide
the needed accuracy to measure the weak organic solvophobic effects. Fluorine NMR has
a sensitivity similar to proton NMR but with greater integration accuracy.®* Due to the
large °F NMR spectral window and absence of interfering peaks from the solvent or
balance, the peaks for the folded and unfolded conformers of balances 1a-c were baseline
separated singlets in all solvent systems (Figure 2.3).

Table 2.1 The 46 solvent systems used to measure the solvophobic effects of the balances
along with their cohesive energy density values and solvent functional groups.

solvent? ced (cal/cm?®)® solvent functional group classification
n-pentane 50.27 alkane
n-hexane 52.4 alkane

19



triethylamine
diethyl ether
cyclohexane
N,N-diethylamine
1,2-dimethoxyethane
p-xylene

toluene

ethyl acetate
methyl acetate
benzene-d6
chloroform-d

THF

furan
cyclohexanone
methylene chloride
acetone-d6
propanoic acid

1,1,2,2-tetrachloroethane

1-decanol
1,2-dichloroethane
1,4-dioxane

25% DMSO-d6/chloroform-d

acetic acid
t-butanol
pyridine
acetophenone

40% DMSO-d6/chloroform-d
50% DMSO-d6/chloroform-d

i-propanol
acetonitrile-d3

N,N-dimethylformamide
75% ethanol/benzene-d6

ethanol
DMSO-d6

50% methanol-d4/ethanol

5% H.0/DMSO-d6

50% methanol-d4/DMSO-d6
75% methanol-d4/DMSO-d6
80% methanol-d4/DMSO-d6

10% H,O/DMSO-d6
methanol-d4

10% H2O/methanol-d4
15% H20O/methanol-d4

57

60
66.9
67.24
74.88
78.3
79.4
81.7
83.61
84.7
85.4
86.9
88.36
91.86
93.7
94.3
95.15
98.01
99.5
103.4
105.06
105.52
109.5
110.3
112.4
113.63
118.02
126.55
132.3
138.9
138.9
142
161.3
168.6
185.15
187.67
188.8
198.8
200.9
206.74
209
243.1
260.15

amine

ether

alkane

amine

ether

aromatic
aromatic
carboxylic ester
carboxylic ester
aromatic

alkyl halide
ether

ether

ketone

alkyl halide
ketone
carboxylic acid
alkyl halide
alcohol

alkyl halide
ether

DMSO mixture
carboxylic acid
alcohol
aromatic
ketone, aromatic
DMSO mixture
DMSO mixture
alcohol

Nitrile

amide

alcohol

alcohol

DMSO

alcohol

DMSO mixture
DMSO mixture
DMSO mixture
DMSO mixture
DMSO mixture
alcohol

water mixture
water mixture



40% H2O/THF 272.14 water mixture

3solvent mixtures were reported in v/v % of the first solvent listed. ®The ced values were
calculated from the Hildebrand solubility parameters. 3" The ced values of mixed solvents
were calculated based on the assumption that ced scales linearly with the v/v % solvent
composition.

a) u

R

b) f
L
c) u f
[ |
d) f

y )

1223 1225 1227 1229  -123.1
f1 (ppm)

Figure 2.3 Examples of the proton decoupled *°F NMR spectra (376 MHz) highlighting
the region with the folded (f) and unfolded (u) conformer singlets for balance a) 1a in n-
hexane at 23 °C after equilibration, b) 1a in DMSO-d6 at 23 °C after equilibration, c)
crystals of 1a dissolved in cold CDCl3 (-50°C) prior to equilibration, d) 1a in deuterated
chloroform at 23 °C after equilibration.

2.4 Results and Discussion

The ability of the rigid N-phenyl succinimide framework to position the alkyl ether
and alkyl thioether groups in a favorable geometry to form the desired intramolecular
interaction was initially confirmed by X-ray crystal structures and later by the solvent
folding studies. Balances l1a and 1b crystallized exclusively in the folded conformers
providing evidence of the stabilizing intramolecular alkyl-alkyl interactions (Figure 2.4).%

The alkyl groups of the ether and thioethers were in VDW contact. In 1a, the entire length
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of the decyl ether is involved in an alkyl-alkyl interaction with the opposing dodecyl
thioether. In 1b, the first 6 carbons of the decyl ether form alkyl-alkyl interactions with the
shorter hexyl thioether.

The crystals of folded-1a and folded-1b also provided the means for assigning the
conformer peaks in the °F NMR spectra. The crystals were dissolved in cold CDCls (-50
°C). Under these conditions the rate of interconversion is minimal, therefore the major peak
was assigned as the folded conformer (Figure 2.3c). The sample was allowed to slowly
warm to 25 °C and monitored by °F NMR, which confirmed that the folded and unfolded
peaks maintained the same relative positions in the room temperature spectra (Figure
2.3d). The conformer peaks in CDClz were used to assign the peaks in other solvent
systems by following the folded and unfolded peaks in mixtures of CDClI3 and the second
solvent system. In all solvent systems, the folded conformer was the more upfield peak.

The folding ratios of 1a-c were measured in 46 solvent systems (Table 2.1) using
proton decoupled °F NMR. These included solvents commonly used in organic synthesis
and separations, including many that are not readily available in deuterated forms such as
n-hexane, triethylamine, diethyl ether, cyclohexane, N,N-diethylamine, 1,2-
dimethoxyethane, ethyl acetate, furan, cyclohexanone, propionic acid, dioxane, t-butanol,
pyridine, acetophenone, i-propanol, and ethanol. The folding energies were calculated from
the *°F NMR measured folding ratios. The solvent systems were selected to span a wide
range of ced values from 50.3 cal/cm? for n-pentane to 274.1 cal/cm? for a 60% water/THF
mixture. Solvents with diverse functional groups were chosen including alcohol, amine,
aromatic, ether, carboxylic acid, carboxylic ester, ketone, alkyl halide, sulfoxide, nitrile,

and water mixtures. These allowed testing for specific solvent-solute interactions.

22



Figure 2.4 X-ray crystallography structures of la (left) and 1b (right). Both structures
crystalized in the folded conformers with the alkyl groups of the ether and thioethers
forming intramolecular alkyl-alkyl interactions.

The ability to measure the organic solvophobic effects was first verified by
correlating the measured folding energies (AG) in the 46 solvent systems against the
solvent ced values (Figure 2.5). The AG values for la-c became more negative with
increasing solvent ced values, which corresponded with the expected increase in
solvophobic effects in more cohesive solvents. 121321 However, the analysis also revealed
specific solvent effects due to hydrogen bonding solvent-solute interactions. Discrete
trendlines were observed for the aprotic and protic solvents. The trendline in the protic
solvents (alcohols, water, and carboxylic acids) had weaker correlation with a less steep
slope. The separate solvent trends for the protic solvents were attributed to hydrogen

bonding interactions with the oxygen ether and sulfur thioether linkers of the balances in

the unfolded conformers.
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The hydrogen bonding solvent effects were removed using the short alkyl balance
1c as a control. Balance 1c shares the same N-phenylsuccinimide framework and linkers
as la and 1b, and thus can remove folding equilibria biases arising from the framework
and solvent interactions with the linkers. The AAG versus ced plot for 1a was linear across
the entire range of protic and aprotic solvent ced values (Figure 2.6a), which was
consistent with previous reports of the organic solvophobic effects.'*?! The trendline had
a negative slope. The solvophobic interactions were weakest in the low ced alkane solvents
(n-pentane, n-hexane, and cyclohexane) and were the strongest in high ced water mixtures
(10% H.O/methanol-d4, 15% H>O/methanol-d4, 40% H>O/THF).

Solvent specific interactions were not observed. The AAG values in solvents
containing the same functional groups (ether, carboxylic acid, ketone/aldehyde/ester,
aromatic, alcohol, or amine) did not show systematic deviations from the trendline (Figure
2.6a).

Comparison of the AAGroid VS ced correlation plots for 1a and 1b (Figure 2.6b)
were consistent with the ability to measure the solvophobic effects. The trendline for 1la
had a steeper slope than 1b, which is consistent with the longer alkyl thioether of la
forming stronger solvophobic effects than the shorter alkyl thioether of 1b. In addition, the
magnitudes of the solvophobic effects were consistent with previous reports of the organic
solvophobic effects (0.09 to -0.41 kcal/mol). >*° The solvophobic interaction energies for
la and 1b spanned a similar range from 0.11 to -0.30 kcal/mol.

Further confirmation of the ability of balances 1 to measure the organic solvophobic
effects was provided by comparison of the AAGroig VS ced correlation plots with similar

analysis reported by Cockroft for balances 5 (Figures 2.7 and 2.8).13!° Balance 5a forms
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similar alkyl-alkyl interactions in the folded conformer. The folding ratios were reported
for a comparable range of organic solvents. Finally, the folding ratios were measured for a
control balance 5b in which has one truncated alkyl group like 1c. Therefore AAG versus
ced analyses could be performed for 5a and directly compared with 1a and 1b. The strong
linear correlation and range of AAG values were similar for 1a, 1b, and 5a. Even the levels
of scatter were congruent with R? values of 0.85, 0.71, and 0.83 for 1a, 1b, and 5a, which
is an important consideration when measuring a weak non-covalent interaction. The
modest R? values were commensurate with the relatively small range of AAG values (0.41

kcal/mol) in comparison to the experimental errors (£0.02 and £0.03 kcal/mol).
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Figure 2.5 Correlation plots for the folding energies versus solvent ced (AG) for balances
a) 1a, b) 1b, and c) 1c. Separate trendlines were drawn for the aprotic (black) and protic
(red) solvents. 9: Solvent ced vs. AG between folded and unfolded conformers of balances
a) 1a, b) 1b, and c) 1c.
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Figure 2.6 a) The AAG versus solvent ced correlation plot for 1a with the different solvent
types highlighted based on their functional groups: alkanes ( black solid circles), amines
(black empty circle), ethers (red solid square), aromatics (orange empty square), carboxylic
acids (yellow solid squares), alcohols (green hollow diamonds) ketones, aldehydes, and
carboxylic esters (light blue solid triangles), alkyl halides (dark blue hollow triangles),
DMSO and mixtures with DMSO(purple +), mixtures with water (brown -), and other
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groups (gray *). b) The AAG versus solvent ced correlation plots for balances 1a, 1b, and
5a.

The solvophobic effects of interest can be isolated using the slope of the AAG
versus ced trendlines (slopeaacreed), as the solvophobic effects will vary with the solvent
environment. The slope removed other terms which are not solvent dependent. For
example, the positive values of AAG in low ced alkane solvents were attributed to
conformational entropy and dispersion contributions. Ideally, the solvophobic interaction
should be zero when the solvent ced is zero. However, the y-intercepts for the trendlines
for 1a, 1b, and 5a do not go through the origin and are slightly positive (0.13, 0.07, and
0.24 kcal/mol). The entropic penalty from restricting the alkyl chain conformational space
favors the unfolded conformer. The stabilizing alkyl-alkyl dispersion interactions favor the
folded conformer. Thus, these components mostly cancel leaving only a small positive

contribution to AAG.

a)
N
/N@%
5a (unfolded)
b) c)
6 (unfolded) 6 (folded) 7 (unfolded) 7 (folded)

Figure 2.7 Molecular balances designed to measure the organic solvophobic effects from
a) Cockroft (a)*®and Schreiner (b and ¢)?>% that were compared with balances 1.
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To test the accuracy of the solvophobic measurements, the slopeaacced Values were
compared with the changes in solvent accessible surface areas (ASASA) upon folding of
our balances 1a-c and Cockroft’s balance 5. The solvophobic effect is expected to show a
strong correlation with ASASA. The ASASA were defined as the difference in SASA for
the folded and unfolded structures. The SASA for the folded conformers were calculated
in Spartan18 using the geometry of the crystal structures of 1a and 1b.3" A crystal structure
was not available for 1c. Therefore, the folded 1c structure was generated from the similar
crystal structure of 1b by truncating the terminal four carbons of the alkyl thioether. The
unfolded structures were generated by rotating the Cphenyi-Nimide bond of the folded
structures 180°. The ASASA for la-c (42, 26, and 13 A?) followed the expected trends,
decreasing with the length of the alkyl thioethers. The ASASA for Cockroft’s balances 5a
and 5b (59 and 12 A?) were also calculated, using the crystal structure of folded 5a (for
details see Section 2.6.8). To compare the SASA values across the two balance platforms,
the SASA values were normalized (AASASA) using the control balances 1c and 5b. For
example, the AASASA for 1a was 29 A2, which is the difference between the ASASA of
laand 1c (42 -13 A?). The AASASA for 5a was 35 A?, which is the difference between the
ASASA of 5a and 5b (59 -14 A?). The AASASA values for balances 1a and 1b were lower
than the values for 5a, even though they had longer or similar length alkyl groups than 5a.
The differences were attributed to the better geometric overlap of the alkyl groups in 5a in
comparison to balances 1 and to the alkyl groups forming weak solvophobic interactions

in the unfolded conformers of 1.
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Figure 2.8 The correlation plot of slopeaaciced versus AASASA for balances la, 1b, 1c,
and 5a (black circles). Data points for balances 6 and 7 (red squares) were plotted for
comparison but use unnormalized surface area values (ASASA).

Comparison of the solvophobic effects per unit area provided confirmation of the
consistency in the solvophobic analysis across the different sized alkyl groups and across
the two balance systems. The analysis also included a data point for the control balances
1c and 5b at the origin. The slopeaacrced values were strongly correlated with AASASA
(Figure 2.8, R? = 0.98), as expected for a measurement of the solvophobic effect.
Furthermore, the slope of Figure 2.8 provides the dependence of the solvophobic effect
with respect to the ced of the solvent and the change in solvent accessible surface area of
the interaction. Therefore, this slope (-0.0526 cm® A kcal mol™) was used to generate a
model of the solvophobic effect (Equation 2.1), which can predict the solvophobic

interaction energy for two alkyl surfaces in a specific organic solvent.
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The accuracy of Equation 2.1 was tested by comparison with previous measures
of the solvophobic effect. First, the solvophobic interaction energies calculated using
equation 1 were compared with the experimental values from Schreiner’s balances 6 and 7
(Figure 2.7b and c). These balances also contain non-polar alkynyl and t-butyl groups,
their folding ratios were measured over a range of organic solvents, and they have crystal
structures of the folded conformers allowing comparison with solvophobic analyses of
balances 1 and 5. One difference was the absence of control balances for 6 and 7, which
was why these balances were not included in the above analysis. Thus, some of the
framework biases could not be removed, and only the AG and ASASA values for 6 and 7
could be calculated and compared with the AAG and AASASA for 1 and 5. Despite the lack
of control structures, the solvophobic effects per unit area for 6 and 7 (Figure 2.8, red
squares) were close to those predicted by Equation 2.1 as represented by the trendline for
balances 1 and 5. While there are only two data points for Schreiner’s balances, it was also
reassuring that their slope is similar to the trendline for the balances with controls.

The second test of Equation 2.1 was to compare the predicted solvophobic effect
per unit area for water with the previously measured values for the hydrophobic effect.6:40
Using the ced value for water (550 cal/cm?®), the predicted hydrophobic effect for water
from Equation 2.1 was 0.029 kcal/mol A?2. This value fell in the middle of the
experimentally measured range of hydrophobic effect values for non-polar alkyl surfaces
(0.020 to 0.033 kcal mol™* A?).3738

Next, the organic solvophobic effect was explored using Equation 2.1. A contour
plot was generated (Figure 2.9) by calculating the solvophobic interaction energies

(kcal/mol) for ASASA values (0 to 100 A?) across a range of solvent ced values (0 to 600
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cal/cm®). The solvophobic energies increase linearly with respect to solvent ced and
ASASA. To enhance the utility of the contour plot, the ASASA axis was calibrated to the
corresponding values for modeled alkane dimers with optimal surface area contact (density
functional theory, B3LYP, 6-311+G*). Most experimental systems will have less than
optimal surface contact. Therefore, the ASASA will be lower for similar length alkane
surfaces as was observed for balance 1.

The contour plot analysis confirmed that organic solvophobic effects are very weak
(< 1.0 kcal/mol). The largest solvophobic effect was 2.5 kcal/mol for the decane-decane
dimer (ASASA = 86 A?). But this was in water which has a ced of 550 cal/cm®. Most
organic solvents had significantly lower ced values. The highest value for a pure organic
solvent used in this study was methanol with a ced of 209 cal cm™. Therefore, in methanol,
the solvophobic effect for the decane-decane dimer was 0.94 kcal/mol, which was only
38% of the solvophobic effect in water. In common non-protic organic solvents like
benzene, THF, or chloroform, the solvophobic effect for the decane dimer was even smaller
(~0.4 kcal/mol), which is around 20% of the hydrophobic effect. For smaller alkane
surfaces, the organic solvophobic effect is much lower than 1.0 kcal/mol. For example, the
solvophobic effect for the methane dimer is 0.54 kcal/mol in water, 0.2 kcal/mol in

methanol, and only 0.1 kcal/mol in benzene, THF, and chloroform.

32



decane-decane
octane-octane

heptane-heptane

hexane-hexane

ASASA (A?)

butane-butane

propane-propane
ethane-ethane

methane-methane

6 100 200 300 400 500 600
ced (cal/cm?)

Figure 2.9. A contour plot of the solvophobic interaction energies in kcal/mol calculated
for the differences in surface area on the formation of complexes of non-polar surfaces in
solvent systems with ced values from 0 to 600 cal/cm?.

This analysis also provides strategies for enhancing the solvophobic effect. Even
small percentages of water can greatly increase the solvophobic effects in miscible organic
solvents such as THF, alcohols, DMSO, or DMF due to the very high ced value for water.
The alcohol solvents have the highest solvophobic effects among the organic solvents as
they have the highest ced values. Interestingly, not all the protic solvents had high ced
values and solvophobic effects. For example, diethyl amine and acetic acid had lower ced
values (67.2 and 109.5 cal/cm?®) than t-butanol and pyridine. Among the non-protic organic

solvents, DMSO, acetonitrile, and DMF had the highest solvophobic effects and ced

values, but these were only 25% to 30% the solvophobic effect in water.
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2.5 Conclusions

In conclusion, we designed a molecular torsional balance to quantitatively measure
the organic solvophobic effects and to develop an empirical predictive model for the
organic solvophobic effect. The modularity of balances 1 and the ability to measure the
folding ratios by **F NMR enabled measurement of the solvophobic effect in 46 different
organic solvent systems and also with different length alkyl surfaces. To isolate the
solvophobic effects from the dispersion and conformational entropy terms of the folding
energies, a control balance was essential to remove solvent interactions with the framework
and linkers. The ability to measure the weak organic solvophobic effects was established
by the linear relationship of the folding equilibrium energies with the solvent ced and with
the normalized change in solvent accessible surface area. The combination of these
relationships enabled the development of a simple predictive model. Furthermore, this
relationship was extrapolated as to predict the association energies in a series of simple
dimers across a spectrum of solvent ced as demonstration of its practical use. This study
has yielded important information on how particular solvents and mixtures affect

hydrocarbon dimerization in solution.

2.6 Experimental Section

2.6.1 General Experimental Information

NMR spectra were recorded on Bruker 300 MHz, 400 MHz, and 500 MHz
spectrometers. Chemical shifts are reported in ppm (o) referenced to NMR solvent peaks.
All spectra given for characterization purposes were taken at room temperature. All

chemicals were purchased from commercial suppliers and used as received unless
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otherwise specified. Flash chromatography was carried out using silica gel from Fisher
Scientific (230x400 Mesh). HRMS were measured using a magnetic sector spectrometer

(VG 70S) using EI sources.
2.6.2 Synthetic Proceedures

f f
1-decanol
; F —KoH DWF_8h I O’H?

NO» MNO;

Figure 2.10. Synthesis of nitrobenzene 2.

1-Decanol (5.65 g, 35.7 mmol) was added to a solution of DMF (10 mL) and
potassium hydroxide (1.35 g, 24.0 mmol). A solution of 1,4-difluoro-2-nitrobenzene (1.87
g, 11.7 mmol) in N,N-dimethylformamide (3 mL) was added dropwise to the mixture. The
reaction vessel was flushed with nitrogen and sealed. The reaction was then stirred at 23°C
for 8 h. The solvent was removed by washing the reaction in water and ethyl acetate three
times in a separatory funnel, followed by the organic phase being dried with magnesium
sulfate. The solvent was removed under reduced pressure. The product was then purified
using a silica column using a solvent mixture of 10:1 hexanes to ethyl acetate. The final
product was an oily yellow substance(2.31 g, 66.2% yield). *H NMR (400 MHz, CDCls) 6
=7.57 (dd J =3.15,J =7.83 1H) 7.26 (ddd J = 3.15,J = 7.34,J =9.27 1H) 7.05 (dd J =
431, = 927, 1H) 1.84 (m 6.52, 7.29, 2H) 1.29 (m 14H) 0.89 (t 6.42, 3H).
13C NMR (100 MHz, CDCls) § = 155.1 (d J = 243.3 Hz), 149.1 (d J = 2.6 Hz), 139.5 (d

J=8.6Hz) 1209 (d J = 23.0 Hz), 115.8 (d J = 7.7 Hz), 112.7 (d J = 27.4 Hz), 70.4, ,
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29.5, 29.5, 29.3, 29.2, 29.0, 25.8, 22.7, 14.1. F NMR (376 MHz, CDCls) § = -121.4.

HRMS (EI) (C16H22FNO3)* M* calculated 297.1740; observed 297.1746.

F F
,H\ Ha, Pd/C - \@ ,H\
; O 8" Methanol 50 psi. 1h O™ 'g

NO» NH;

2 3
Figure 2.11 Synthesis of aniline 3.

Nitrobenzene 2 (0.68 g, 2.27 mmol) was dissolved in 7 mL of methanol and
palladium on carbon catalyst (0.07 g, 0.68 mmol) was added to the solution. The solution
was reacted with hydrogen gas (50 psi) for 1 h in a Parr shaker, after which the palladium
on carbon catalyst was removed by filtering through celite, and the methanol was removed
under reduced pressure. The product required no further purification. The product (0.41 g,
66.7 % yield) was isolated as a brown oil. 1H NMR (400 MHz, CDCI3) ¢ = 6.66 (dd J =
494,J=8.76 1H)6.45 (dd J=2.98,J=9.78, 1 H) 6.37 (ddd J = 3.03, J = 8.57, J = 8.57
1 H) 3.94 (t6.27 2 H) 1.79 (m 2 H) 1.26 (m 14 H) 0.88 (t 5.78, 6.95, 3 H).13C NMR
(100 MHz, CDCls) 6 = 158.6 (d J = 236.5 Hz), 142.9 (d J = 2.2 Hz), 137.3 (d J = 10.9 Hz),
111.9 (d J =9.9 Hz), 103.5 (d J = 22.9 Hz), 102.2 (d J = 26.6 Hz), 69.1, 31.9, 29.5, 29.5,
29.3, 29.2, 29.0, 25.8, 22.7, 14.1. ®F NMR (376 MHz, CDCl3) § = -123.0. HRMS (EI)

(C16H26FNO)* M calculated for 267.1998; observed 267.1995.

I F
O’H} + ﬁo neat N OfHE
O
4

100 °C, 24 h o o

Figure 2.12 Synthesis of maleimide 4.
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Aniline 3 (0.84 g, 3.14 mmol) was added to maleic anhydride (3.00 g, 30.7 mmol)
without solvent in a sealed, 2 mL dram vial. The mixture was heated to 100 °C for 24 h.
The product was purified in a silica column using 9:1 hexanes to ethyl acetate mixture.
Product was a yellow oily substance (1.65 g, 46.8% yield). *H NMR (400 MHz, CDCl3) 6
=7.06 (ddd, J=3.09,J=7.95,J=9.08, 1 H) 6.95 (dd, J=3.01,J=8.22, 1 H) 6.92 (dd,
J=4.82,1=9271H)6.85(s2 H) 3.91 (t, 6.48 2 H) 1.65 (M, 6.83 2 H) 1.18 ( m, 14 H)
0.88 (t, 6.50 3 H). 3C NMR (100 MHz, CDCls) 6 = 169.3, 156.1 (d J = 241.1 Hz), 151.3
(dJ=2.8 Hz), 134.5, 120.4 (d J = 10.3 Hz), 117.3 (d J = 24.6 Hz), 116.8 (d J = 22.4 Hz),
113.5 (d J = 8.65 Hz), 68.19, 31.92, 29.56, 29.54, 29.34, 29.26, 29.03, 25.80, 22.71,
14.15.19F NMR (376 MHz, CDCl3) & = -122.6. HRMS (El) (C20H26FNO3)* M* calculated

for 347.1905; observed 347.1897.

f F
; O’H? + HS'{A]\ triethylamine _ O,H?

Oﬁkc 10 benzene, 23°C,8h 5 N 0
. ‘37{\\/‘
i0

1a

Figure 2.13 Synthesis for balance 1a.

Maleimide 4 (0.09 g, 0.27 mmol) was dissolved in benzene (3 mL) and
triethylamine(0.06 g, 0.55 mmol) and 1-undecanethiol (0.15 g, 0.81 mmol) were directly
added. The mixture was stirred for 8 h at 23 °C. Solvent was removed via rotary
evaporation and crude product was purified in a silica column (ethyl acetate/hexanes = 1:9,
v/v). Product (0.06 g, 47% yield) was a white crystalline powder. *H NMR (400 MHz,
CDCl3) ¢ = 7.12-7.06 (m, 1 H major and minor) 6.96-6.87 (m, 2 H major and minor) 3.92
(t, J=6.66 Hz, 2 H major and minor) 3.88 (dd, J = 3.10, J =9.10 Hz, 1 H major) 3.87 (dd,
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J= 3.10,J =9.10 Hz, 1 H minor) 3.32 (dd, J = 9.10, J = 18.7 Hz, 1 H major) 3.27 (dd, J
=9.10, J = 18.7 Hz 1 H minor) 2.98-2.89 (m, 1 H major and minor) 2.78-2.68 (m, 1 H
major and minor) 2.65 (dd, J = 3.65, 18.7 Hz, 1 H major) 2.60 (dd, J = 3.63, 18.7 Hz, 1 H
minor) 1.75-1.59 (m, 4 H major and minor) 1.44-1.34 (m, 4 H major and minor) 1.34-1.20
(m, 26 H major and minor) 0.87 (m, 6 H major and minor). *C NMR (100 MHz, CDCls)
0 = 175.1 (minor), 174.9 (major), 173.4 (major), 173.2 (minor), 156.2 (d J = 240.7 Hz
minor), 156.1 (d J = 240.7 Hz major), 150.8 (d J = 2.6 Hz minor), 150.6 (d J = 2.6 Hz
major), 121.1 (d J = 10.0 Hz minor), 120.9 (d J = 10.0 Hz major), 117.1 (d J = 22.5 Hz
minor), 117.0 (d J = 22.5 Hz major), 116.3 (d J = 25.0 Hz), 113.7 (d J = 8.4 Hz minor),
113.6 (d J = 8.4 Hz major), 69.3 (major), 69.1 (minor), 39.5 (major), 39.4 (minor), 36.4
(major), 36.4 (minor), 31.9, 31.6, 29.6, 29.5, 29.5, 29.5, 29.4, 29.4, 29.3, 29.3, 29.2, 29.2,
29.1, 29.0, 29.0, 28.9, 25.8, 25.8, 25.9, 25.7, 22.6, 14.1. °F NMR (376 MHz, CDCl3) 6 =
-122.3 (s, 1 F minor) -122.5 (s, 1 F major). HRMS (EI) (C31Hs0FNO3S)" M calculated for

535.3492; observed 535.3495.

| | F
O’H} + HS'H:\ triethylamine \@()f{"]}

Oﬁb&o benzene=23°c,4sh‘gﬁ0
4 57%5

1b

Figure 2.14 Synthesis for balance 1b.

Maleimide 4 (0.04 g, 0.11 mmol) was dissolved in benzene (3 mL) and
triethylamine(0.05 g, 0.51 mmol) and 1-hexanethiol (0.04 g, 0.35 mmol) were directly
added. The mixture was stirred for 48 h at 23 °C. Solvent was removed under reduced

pressure and crude product was purified in a silica column (ethyl acetate/hexanes = 1:8,
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v/v). Product (0.04 g, 90% yield) was a yellow oil. *H NMR (300 MHz, CDCls), § = 7.13-
7.04 (m, 1 H major and minor) 6.96-6.86 (m, 2 H major and minor) 4.00-3.83 (m, 3 H major
and minor) 3.31 (dd, J = 9.3, 18.8 Hz. 1 H major) 3.28 (dd, J = 9.3, 18.8 Hz. 1 H minor)
3.00-2.87 (m, 1 H major and minor) 2.86-2.62 (m, 1 H major and minor) 1.77-1.60 (m, 4 H
major and minor), 1.46-1.37 (m, 2 H major and minor) 1.36-1.20 (m, 18 H major and minor)
0.93-0.83 (m, 6 H major and minor). **C NMR (100 MHz, CDCls) § = 175.1 (minor),
174.9 (major), 173.5 (major), 173.2 (minor), 156.2 (d J = 239.9 Hz major), 156.1 (d J =
239.9 Hz minor), 150.8 (d J = 13.2 Hz major), 150.7 (d J = 13.2 Hz minor), 121.1 (d J =
9.8 Hz minor), 120.9 (d J = 9.8 Hz major), 117.1 (d J = 21.9 Hz minor), 117.0 (d J = 21.9
Hz minor), 116.4 (d J = 25.1 Hz), 113.7 (d J = 8.0 Hz minor), 113.6 (d J = 8.0 Hz
major),69.3 (major), 69.2 (minor), 39.5 (major), 39.4 (minor), 36.5 (major), 36.4 (minor),
31.9, 31.6, 31.4, 31.3, 29.7, 29.6, 29.5, 29.4, 29.3, 29.3, 29.3, 29.2, 29.0, 29.0, 28.9, 28.5
(major), 28.5 (minor), 22.7 (major), 22.5 (minor), 14.1 (major), 14.0 (minor).'°F NMR
(376 MHz, CDCls) 6 = -122.3 (minor) -122.5 (major). HRMS (EI) (C26H40FNO3S)* M*

calculated for 465.2719; observed 465.2713.

o 0 benzene, 23°C, 8 h o) N 0

| | F
OIHE + HSTT~ triethylamine ~ \QOIH?
r |
4

Figure 2.15. Synthesis for balance 1c.

Maleimide 4 (0.13 g, 0.27 mmol) was dissolved in benzene (10 mL).
Triethylamine(0.11 g, 0.55 mmol) and 1-undecanethiol (0.08 g, 0.81 mmol) were directly

added. The mixture was stirred for 8 h at 23 °C. Solvent was removed under reduced
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pressure and crude product was purified in a silica column (ethyl acetate/hexanes = 1:9,
v/v). Product (0.12 g, 76% yield) was a white crystalline powder. *H NMR (500 MHz,
CDCI3) 0 =7.12-7.06 (m, 1 H major and minor) 6.95-6.88 (m, 2 H major and minor) 3.97-
3.87 (m, 3 H major and minor) 3.31 (dd, J = 9.3, 18.7 Hz. 1 H major) 3.30 (dd, J = 9.3,
18.7 Hz. 1 H minor) 3.02-2.76 (m, 2H major and minor) 2.70 (dd, 3.8, 18.7 Hz. major and
minor) 1.76-1.64 (m, 1 H major and minor) 1.34 (q, 7.4 Hz 2 H) 1.30-1.24 (m, 14 H) 0.88
(t, 6.8 Hz 3H). 3C NMR (100 MHz, CDCls) § = 175.0 (minor), 174.8 (major), 173.4
(major), 173.1 (minor), 156.1 (d J = 240.7 Hz minor), 156.0 (d J = 240.7 Hz major), 150.8
(d J =2.7 Hz major), 150.6 (d J = 2.7 Hz minor), 121.1 (d J = 10.1 Hz minor), 120.9 (d J
= 10.1 Hz major), 117.0 (d J = 22.4 Hz minor), 116.9 (d J = 22.4 Hz major), 116.3 (d J =
24.9 Hz major), 116.3 (d J = 24.9 Hz minor), 113.7 (d J = 8.6 Hz minor), 113.6 (d J = 8.6
Hz major), 69.2 (major), 69.1 (minor), 39.3 (major), 39.1 (minor), 36.4 (major), 36.3
(minor), 31.8, 29.5, 29.5, 29.5, 29.3, 29.2, 29.2, 29.1, 29.0, 25.9, 25.8, 25.8, 25.5, 22.6,
14.1, 14.0, 13.9. 9F NMR (376 MHz, CDCls) 6 = -122.3 (minor), -122.5 (major). HRMS

(El) (C22H32FNO3S)* M*calculated for 409.2091; observed 409.2087.
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2.6.3 Crystolographic Data

Prob = 50
Temp = 100

34 Y

- (190222)

™ PLATON-Apr 11 17:50:05 2022
Q

26 am249 Plel R = 0.03 RES=0 27 X

Figure 2.16. X-ray structure of compound 1a. Compound 1a was crystallized in
methanol for 2 days in 2 mL dram.

Table 2.2 General information about calculated crystal structure for compound 1a. These
data can be obtained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Empirical Formula C31Hs0NO3sFS
Formula weight 535.78
Temperature/K 100(2)

Crystal system Monoclinic

Space group Pc

alA 18.2753(11)

b/A 8.9802(6)

c/A 9.2403(6)

a/° 90

pB/° 102.256(3)

v/° 90

Volume/A3 1481.92(17)

Z 2

pcalcg/Cfn3 1.201

w/mm 0.147

F(000) 584.0

Crystal size/mm?® 0.46 x 0.14 x 0.02
Radiation MoKa (A =0.71073)
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http://www.ccdc.cam.ac.uk/data_request/cif

20 range for data collection/°

4.562 t0 55.16

Index ranges

-23<h<23,-11<k<11,-11<1<11

Reflections collected

20708

Independent reflections

6681 [Rint = 0.0353, Reigma = 0.0379]

Data/restraints/parameters

6681/2/337

Goodness-of-fit on F2

1.066

Final R indexes [[>=2c (1)]

R1=0.0330, wR2 = 0.0744

Final R indexes [all data]

R1=0.0398, wR2 = 0.0786

Largest diff. peak/hole / e A

0.23/-0.22

Flack parameter

0.02(3)

S1a Y

- (190222)

™ PLATON-Apr 1% 17:59:15 2022

-19  omd87

Prob = 50
Temp = 100

RES= 0 -44 %

Figure 2.17. X-ray structure of compound 1b. Compound 1b was crystallized in n-

hexanes for 5 days in 2 mL dram.

Table 2.3 General information about calculated crystal structure for compound 1b. These
data can be obtained free of charge from The Cambridge Crystallographic Data Centre

via www.ccdc.cam.ac.uk/data request/cif.

Empirical Formula C26Ha0NO3FS
Formula weight 465.65
Temperature/K 100(2)
Crystal system Monoclinic
Space group Cc

alA 33.3694(11)
b/A 8.7595(3)

c/A 8.8487(3)
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http://www.ccdc.cam.ac.uk/data_request/cif

o/° 90

p/e 97.1080(10)

v/° 90

Volume/A3 2566.59(15)

Z 4

peaicg/cm® 1.205

pw/mm? 0.160

F(000) 1008.0

Crystal size/mm?® 0.3 x0.25 x 0.05
Radiation MoKa (A =10.71073)

20 range for data collection/®

4.81 10 61.052

Index ranges

-47<h<47,-12<k<12,-12<1<12

Reflections collected

51666

Independent reflections

7813 [Rint = 00323, Rsigma = 00228]

Data/restraints/parameters

7813/2/291

Goodness-of-fit on F2

1.040

Final R indexes [[>=2c ()]

R1=10.0254, wR2 = 0.0634

Final R indexes [all data]

R1=10.0271, wR2 = 0.0645

Largest diff. peak/hole / e A

0.23/-0.16

Flack parameter

0.017(12)
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2.6.4 H, 13C, and ®°F NMR Spectra
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Figure 2.18 *H NMR spectrum of nitrobenzene 2 (400 MHz, chloroform-d).

44



0 ;o
...... : -1 L R R R =0
E.‘R%Q% RRWVBWLMN . =1 -—'m’m’m’m’m’mﬁv
rrrrrrrrrrrr == = = 3 0 O 08 00 0 0 O
b N iy ey e e et el

13C NMR Spectra
solvent - chioroform-d
solvent residual signal - 77.3, 77.0, V6.7

il |“

180 180 170 180 150 140 130 120 110 1onnsn B0 7O 60 50 40 30 20 10
(ppm}

o -0

Figure 2.19 *C NMR spectrum of nitrobenzene 2 (100 MHz, chloroform-d).
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Figure 2.20 °F NMR spectrum of nitrobenzene 2 (376 MHz, chloroform-d).
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Figure 2.21 *H NMR spectrum of aniline 3 (400 MHz, chloroform-d).
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Figure 2.22 *C NMR spectrum of aniline 3 (100 MHz, chloroform-d).
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Figure 2.23 °F NMR spectrum of aniline 3 (376 MHz, chloroform-d).
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Figure 2.24 'H NMR spectrum of maleimide 4 (400 MHz, chloroform-d).
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Figure 2.25 *C NMR spectrum of maleimide 4 (100 MHz, chloroform-d).
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Figure 2.26 °F NMR spectrum of maleimide 4 (376 MHz, chloroform-d).
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Figure 2.27 'H NMR spectrum of balance 1a (400 MHz, chloroform-d).
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Figure 2.28 3C NMR spectrum of balance 1a (100 MHz, chloroform-d).
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Figure 2.30 *H NMR spectrum of balance 1b (400 MHz, chloroform-d).
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Figure 2.31 *C NMR spectrum of balance 1b (100 MHz, chloroform-d).
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Figure 2.32 °F NMR spectrum of balance 1b (376 MHz, chloroform-d).
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Figure 2.33 'H NMR spectrum of balance 1c (400 MHz, chloroform-d).
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Figure 2.34 3C NMR spectrum of balance 1c (100 MHz, chloroform-d).
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Figure 2.35 °F NMR spectrum of balance 1c (376 MHz, chloroform-d).
2.6.5 Determination of Conformer Identities

The identity of the two signals present in the decoupled *°F NMR with respect to
the two conformations, namely the folded and unfolded, of the molecular balances was
confirmed via several direct and indirect methods. Firstly, it was expected that the presence
of the folded conformer would increase as solvent ced increased due to solvophobicity. The
ratio of the downfield to upfield signals of the decoupled °F NMR increased with the ced
of the solvent environments for all balances. This suggests that the downfield signals
belonged to the folded conformation while the upfield signals belonged to the unfolded

conformation.

Furthermore, low temperature decoupled °F NMR was employed to determine the
identity of the signals. According to previous x-ray crystallography experiments, balances
la and 1b are both crystallized in the folded conformation. Therefore, we designed an
experiment where decoupled **F NMR was conducted with crystals of 1a and 1b in cold
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temperatures in order to slow down the equilibrium exchange between the conformers.
This way, the folded conformation will have a greater presence than after equilibrium at 23
°C. Chloroform-d in an NMR tube was frozen (-63.5 °C) using a dry ice and acetone
mixture. A small sample of the balance crystals was quickly placed into a liquid nitrogen
chilled NMR machine set to -50 °C. A decoupled *F NMR experiment was then

immediately conducted. The process was completed for both balance 1a and 1b.

In both spectra, the upfield signal to downfield signal significantly increased from
their runs at equilibrium and 23 °C. Considering that equilibrium was prevented by the
short time and low temperatures, it can be assumed that the dominant signal would belong
to the folded conformer. Therefore, this experiment demonstrates that the upfield signals
in the decoupled **F NMR belong to the folded conformer, while the downfield conformers

belong to the unfolded conformer in both 1a and 1b.

While a crystal structure for 1c could not be obtained, conformer signals therein
were reasonably assumed to be consistent with 1a and 1b due to the similar structures and
chemical shifts in all three molecules. Furthermore, it can be reasonably assumed that
conformer signal identities were consistent throughout all solvent systems due to no

significant changes in chemical shifts in any of the solvent mixtures.
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Figure 2.36 Decoupled °F NMR spectrum of crystalline compound 1a, taken
immediately after sample was introduced to solution at -50 °C.
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Figure 2.37 Decoupled °F NMR spectrum of crystalline compound 1b, taken
immediately after sample was introduced to solution at -50 °C.
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2.6.6 Error Analysis

The NMR samples for this work were prepared by dissolving ~ 5 mg of purified
molecular compound in 0.2mL to 0.5 mL of solvent, giving an average concentration of 58
to 21 mM (assuming the average molecular weight to be 470 g/mol). NMR signals were
measured using the Mestrenova line fitting function to reduce the error in integration. The

error of the quantitative NMR analysis is considered to be 1% for concentrations >10 mM.

Therefore, the error for a 1:1 folded:unfolded ratio is 1.4% as both conformers have
a concentration greater than 10 mM. This error is equal to the square root of the sum of the
squares of 1% and 1%, which is only 1.4% (Equation 2.2). The minor conformers were at
no less than ~ 4.8 mM but no greater than 10 mM. It is safe to estimate the maximum error
for integration of the minor conformer is 2.5%, and the maximum error of the major
conformer is 1%, based on estimations from Rizzo et al. ** The total integration error for

each measurement was no more than 2.7% (Equation 2.2).

. folded 2
Equation 2.2 Error (m) = J(Error(folded)) + (Erroreunsordea))?

The folding energies (AG) calculated also have some associated uncertainty. this
uncertainty was calculated to be no more than £0.016 kcal/mol at 23°C (Equation 2.3).

Therefore, the uncertainty of the calculated interaction energies (AAG) was no more than

+0.022 kcal/mol (Equation 2.4).

Equation 2.3 Errorag = -RTError([folded]/[unfolded])

Equation 2.4 Errorppg = \/(ErrorAG)z + (Erroryg)?
To experimentally validate error estimations, redundant folding energy

measurements of 1a, 1b, and 1c were conducted in chloroform-d. The compounds used
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were synthesized separately from each other to ensure results would not be artificially

biased towards similarity. Results demonstrate that all AAG measurements were within

+0.02 kcal/mol of each other, in accordance with our error calculations.

Table 2.4 Redundant folding energy measurements of 1a, 1b, and 1c in chloroform-d3.

1c folding

energy 1b folding energy [1a folding energy [1b Interaction l1a Interaction

(kcal/mol) (kcal/mol) (kcal/mol) energy (kcal/mol) |energy (kcal/mol)
Trial 1 -0.1 -0.09 -0.08 0.01 0.02
Trial 2 -0.12 -0.08 -0.08 0.03 0.04
Trial 3 -0.11 -0.08 -0.09 0.02 0.02
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2.6.7 Solvent Data

Folding energies were calculated using Gibbs free energy equation . Solvent
mixtures reported in v/v %. Interaction energies for 4b and 4c were calculated by
subtracting the folding energies from balances 4b and 4c from the folding energy of the
control balance 4a for all of the different solvent systems. Cohesive energy densities of
mixtures were calculated assuming these values scale linearly with respect to the volume
of their components. Cohesive energy densities values were calculated using Hildebrandt

and Hansen solubility parameters 36424344

Table 2.5 Solvents used for decoupled *°F NMR experiments and the measure energy
difference between the folded and unfolded conformers (folding energy).

1c folding 1b folding | 1a folding 1b lc unfolded | folded
Solvent ced energy energy energy interaction interaction shift shift
(cal/mL) (kcal/mol) | (kcal/mol) | (kcal/mol) | energy energy (ppm) (ppm)

(kcal/mol) (kcal/mol)

n-pentane 50.27 -0.34 -0.29 -0.23 0.05 0.11 -122.5 -122.7
hexane 524 -0.13 -0.06 -0.07 0.07 0.06 -122.4 -122.7
triethylamine 57 -0.14 -0.12 -0.14 0.03 0.01 -122.7 -123.1
diethyl ether 60 -0.23 -0.23 -0.21 -0.01 0.02 -1235 -123.7
cyclohexane 66.9 -0.14 -0.13 -0.06 0.01 0.08 -122.4 -122.6
N,N-diethylamine 67.24 -0.23 -0.16 -0.19 0.07 0.03 -123.2 -123.6
1,2- 74.88 -0.42 -0.45 -0.46 -0.03 -0.04 -123.8 -124.1

dimethoxyethane

p-xylene 78.3 -0.33 -0.3 -0.3 0.03 0.03 -122.3 -122.8

toluene 79.4 -0.3 -0.27 -0.26 0.02 0.03 -122.4 -122.8
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ethyl acetate 81.7 -0.41 -0.41 -0.39 0 0.02 -123.8 -124.2
methyl acetate 83.61 -0.38 -0.41 -0.42 -0.04 -0.05 -124 -124.3
benzene-dé 83.7 -0.26 -0.26 -0.25 0 0.01 -1224 -122.9
CDCI3 85.4 -0.1 -0.09 -0.08 0.01 0.02 -122.3 -1225
THF 86.9 -0.31 -0.28 -0.29 0.02 0.02 -124.2 -124.4
furan 88.36 -0.24 -0.18 -0.23 0.06 0.01 -122.9 -123.1
cyclohexanone 91.86 -0.47 -0.51 -0.51 -0.03 -0.04 -123.6 -123.9
methylene chloride | 93.7 -0.15 -0.14 -0.15 0.01 0 -123.2 -1234
acetone-dé 94.3 -0.48 -0.51 -0.51 -0.02 -0.02 -123.6 -123.9
propanoic acid 95.15 -0.47 -0.5 -0.52 -0.02 -0.05 -123.2 -123.6
11,2,2- 98.01 -0.17 -0.15 -0.16 0.02 0 -122.2 -124.2
tetrachloroethane

1-decanol 99.5 -0.51 -0.49 -0.48 0.02 0.03 -122.3 -122.6
1,2-dichloroethane 103.4 -0.23 -0.24 -0.24 -0.01 -0.01 -123.2 -123.3
1,4-dioxane 105.06 -0.34 -0.35 -0.38 -0.01 -0.04 -123.2 -123.5
25% DMSO- 105.52 -0.35 -0.35 -0.39 -0.01 -0.04 -1245 -124.7
dé6/chloroform-d3

acetic acid 109.5 -0.54 -0.58 -0.6 -0.04 -0.06 -123.1 -1234
tert-butanol 110.3 -0.55 -0.54 -0.59 0.01 -0.04 -122.5 -122.9
pyridine 112.4 -0.43 -0.43 -0.41 0 0.01 -122.9 -123
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acetophenone 113.63 -0.46 -0.45 -0.48 0.01 -0.02 -122.6 -122.8
40% DMSO- 118.02 -0.51 -0.49 -0.53 0.02 -0.02 -117.9 -118.1
d6/chloroform-d3

50% DMSO- 126.55 -0.57 -0.58 -0.6 -0.01 -0.03 -118 -118.2
d6/chloroform-d3

isopropanol 132.3 -0.55 -0.58 -0.6 -0.03 -0.05 -122.9 -123.3
acetonitrile-d4 138.9 -0.47 -0.5 -0.51 -0.03 -0.04 -124.4 -124.5
N,N- 138.9 -0.58 -0.64 -0.64 -0.06 -0.06 -123.9 -124.1
dimethylformamide

75% 142 -0.52 -0.52 -0.49 -0.01 0.02 -123.8 -124.1
ethanol/benzene-d6

ethanol 161.3 -0.58 -0.64 -0.65 -0.07 -0.08 -123.6 -123.8
DMSO-d6 168.6 -0.69 -0.72 -0.77 -0.03 -0.08 -123 -123.3
50% methanol- 185.15 -0.52 -0.56 -0.65 -0.04 -0.13 -124.5 -124.8
d4/ethanol

5% H20/DMSO-d6 | 187.67 -0.75 -0.83 -0.83 -0.07 -0.07 -123 -123.2
50% methanol- 188.8 -0.61 -0.67 -0.71 -0.06 -0.11 -124 -124.2
d4/DMSO-d6

75% methanol- 198.8 -0.48 -0.59 -0.66 -0.11 -0.19 -124.5 -124.7
d4/DMSO-d6

80% methanol- 200.9 -0.49 -0.57 -0.66 -0.08 -0.17 -124.5 -124.8
d4/DMSO-d6

10% H,O/DMSO- 206.74 -0.82 -0.87 -1.03 -0.05 -0.21 -123 -123.2
dé

methanol-d4 209 -0.5 -0.54 -0.63 -0.05 -0.14 -124.1 -124.3
10% H,O/methanol- | 243.1 -0.58 -0.65 -0.79 -0.07 -0.22 -124.6 -124.8
d4
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15% H,0O/methanol-
d4

260.15

-0.69

-0.81

-0.87

-0.12

-0.17

-123.7

-123.9

40% H,OITHF

272.14

-0.47

-0.54

-0.61

-0.07

-0.14

-124.2

-124.3

2.6.8 SASA Calculations

The difference of the solvent accessible alkyl surface area between the folded and

unfolded conformers between balances was modeled and calculated using Spartan 18.

Structures for the folded conformations of 1a, 1b, and 5 ° were derived from their

respective CIF coordinates, while the structure for 4c was derived from the truncated model

of 1c and 6 was derived from the truncated model of 5. Unfolded conformations were

derived by rotating the N-aryl bond 180°. Accessible surface areas were measured after

ground state energetics of the conformers were calculated using density functional theory

methodology, at the B3LYP-D3, 6-311+G* level of theory. There were zero imaginary

frequencies in all of the GS state structures. Surface areas were measured using a 1 A probe.

ASASA (A?) was measured by subtracting the folded conformer SASA from the unfolded

conformer SASA. AASASA was calculated by subtracting the ASASA of 1c from that of

balances 1a, 1b, and 1c, and the ASASA of 6 from that of 5 and 6.
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Table 2.6 Calculated solvent accessible surface area (SASA) of folded and unfolded
conformers balances 1a, 1b, and 1c from this study, as well as 5 and 6 from Cockroft et
al.®® and Schreiner et al.?%% *measurements taken with a 2.63 A probe to match the
molecular radius of benzene.

folded Unfolded slope(L/mol) y-
conformer conformer ASASA | AASASA intercept
SASA(A?) SASA(A?) (A?) (A?)

-0.0012 0.1097
1a/323.56 365.42 41.86 29.02 (x9.1E-05)

-0.00060 0.0614
1b(292.9 318.57 25.67 12.83 (x6.6E-05)
1c|266.19 279.03 12.84 0 0 0

-0.0019 0.1470
5a[358.1 417.21 59.11 31.31 (x1.3E-05)
50(330.42 358.22 27.80 0 0 0

-0.00040 -0.2755
6 (264.89 289.29 24.40 0 (x0.00052)

-0.0012 0.2444
7 (891.11* 879.28* 11.83 0 (x0.000112)
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Table 2.7 Xyz coordinates of the folded conformer structure of la.

O r r o r r 60 I o o T oI o o o I T O O o T O zZ2 O o0 O m o ow

2.521321
8.875937
4.518521
6.230621
4.353973
5.541021
4.220421
4.274121
4.746421
5.698521
5.105621
4.567421
5.816621
6.101921
5.460337
5.986127
5.556234
7.146665
7.512235
7.755844
7.252460
7.683739
1.585621
0.955221
2.215021
0.803921
0.229821
1.435921
-0.067479

-2.382970
2.538541
0.000630
-2.223170
0.524380
-0.847570
-2.344570
-2.705670
-0.926570
-2.076970
-3.127570
-3.775170
-3.617570
0.391730
1.121372
2.347462
2.859625
2.826917
3.665293
2.072949
0.859395
0.357628
-1.450970
-0.843370
-0.892470
-2.334670
-2.952370
-2.880570
-1.507570

2.692632
2.924268
1.393132
4.985933
5.248964
3.273232
2.035232
1.104432
2.131832
3.916132
3.013132
3.533732
2.529232
3.715732
4.718505
5.101883
5.777056
4.494834
4.751202
3.519318
3.108413
2427112
1.447432
1.909232
0.925932
0.490232
1.009132
-0.041968
-0.453368

-0.641979
0.518021
-0.952079
-1.523479
-0.376879
-1.842579
-1.270979
-2.415579
-2.731879
-2.157279
-3.305780
-3.621080
-4.191780
-3.049880
-4.509580
-5.077480
-3.935480
-5.406580
-4.844480
-6.030480
-6.218380
-6.713780
-5.595680
-7.206880
-7.737380
-7.801980
-6.719380
3.605199
4.227462

-0.907270
-0.939770
-2.351670
-2.934070
-2.936770
-1.521970
-0.941970
-0.934970
-2.368770
-2.961170
-2.944470
-1.553370
-0.953470
-0.986870
-2.419070
-2.985170
-3.020870
-1.629670
-1.009670
-1.082370
-2.494470
-1.902770
-3.042270
-3.414970
-3.890070
-2.885870
-4.064270
1.213643
1.750708

0.085232
-1.014768
-1.360768
-0.800368
-1.915068
-2.279168
-2.841868
-1.725268
-3.185768
-3.731968
-2.620468
-4.116668
-3.573668
-4.693368
-4.996168
-4.416168
-5.533668
-5.938868
-6.467468
-5.398968
-6.898768
-7.519268
-7.438768
-6.207068
-6.880268
-5.635868
-5.657868
6.275201
6.827529

3.171493
2.545771
2.982050
2.108403
1.480306
1.897402
1.134286
0.311925
-0.086192
0.652411
-0.770971
-0.367693
-1.098541
-1.958309
-1.640043
-2.354105
-3.034952
-3.335468
-2.635137
-4.253001
-4.658816
-3.958754
-5.303904
-5.581076
-4.902381
-6.537834
-6.926417
-7.196995
-6.283811

0.548034
2.125741
2.784848
2.625472
1.369043
0.974606
0.626703
2.254183
2.674507
2.978121
1.483625
1.067106
0.753173
2.328798
3.043988
2.762699
1.518653
0.794500
1.094581
2.326620
2.751266
3.049317
1.488071
0.753064
1.080533
2.281663
2.711924
1.676692
2.966201

6.865374
5.689214
5.092538
6.422986
4.898768
4.092200
5.454063
4.469534
5.272919
3.886644
3.724101
2.921332
4.307108
3.289200
2.683163
4.086764
2.579869
3.183529
1.779385
2.144477
2.941777
1.534822
1.444278
2.046491
0.636212
1.034193
1.824439
0.634485
0.380974
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Table 2.8 Xyz coordinates of the unfolded conformer structure of 1a.

O r r o r r 0T oo T oI o O O I T 0o O o IT o Z2 O o0 o mow»w

2521321
5.089223
4518521
6.230621
8.111546
5.541021
4.220421
4.274121
4.746421
5.698521
5.105621
4.567421
5.816621
6.101921
7.450091
7.994782
8.912728
7.192850
7.558349
5.866499
5.299739
4.383396
1.585621
0.955221
2.215021
0.803921
0.229821
1.435921

-0.067479

-2.382970
3.315838
0.000630
-2.223170
-0.285025
-0.847570
-2.344570
-2.705670
-0.926570
-2.076970
-3.127570
-3.775170
-3.617570
0.391730
0.664540
1.847367
2.043432
2.748146
3.559334
2.448514
1.278674
1.086670
-1.450970
-0.843370
-0.892470
-2.334670
-2.952370
-2.880570

-1.507570

2.692632
5.547237
1.393132
4.985933
2.752859
3.273232
2.035232
1.104432
2.131832
3.916132
3.013132
3.533732
2.529232
3.715732
3.475790
3.956377
3.808355
4.656903
4.989507
4.862360
4.409361
4.568718
1.447432
1.909232
0.925932
0.490232
1.009132
-0.041968

-0.453368

-0.641979
0518021
-0.952079
-1.523479
-0.376879
-1.842579
-1.270979
-2.415579
-2.731879
-2.157279
-3.305780
-3.621080
-4.191780
-3.049880
-4,509580
-5.077480
-3.935480
-5.406580
-4.844480
-6.030480
-6.218380
-6.713780
-5.595680
-7.206880
-7.737380
-7.801980
-6.719380
9518614

9.710092

-0.907270
-0.939770
-2.351670
-2.934070
-2.936770
-1.521970
-0.941970
-0.934970
-2.368770
-2.961170
-2.944470
-1.553370
-0.953470
-0.986870
-2.419070
-2.985170
-3.020870
-1.629670
-1.009670
-1.082370
-2.494470
-1.902770
-3.042270
-3.414970
-3.890070
-2.885870
-4.064270
-0.105974

0.860146

0.085232
-1.014768
-1.360768
-0.800368
-1.915068
-2.279168
-2.841868
-1.725268
-3.185768
-3.731968
-2.620468
-4.116668
-3.573668
-4.693368
-4.996168
-4.416168
-5.533668
-5.938868
-6.467468
-5.398968
-6.898768
-7.519268
-7.438768
-6.207068
-6.880268
-5.635868
-5.657868
2.475354

2.372087

9.742352
10.391274
10.158834
11.338287
10.236051

9.321592
10.342556
11.247011
12.161922
11.119209
11.119228
10.203438
11.235204
12.117229
11.986538
13.035067
11.982727
12.095810
11.066195
12.979587
13.898593
12.866534
12.817716
12.909051
11.905204
13.830264
14737572
13.706017

13.698751

-0.553539
-0.671372
-0.227704
-0.464835
-2.181631
-2.377401
-2.615202
-2.783792
-2.561374
-2.374596
-4.297171
-4.513441
-4.699808
-4.936645
-4.557885
-4.707689
-6.451750
-6.822479
-6.673685
-7.134103
-6.917687
-6.771231
-8.640662
-8.999701
-8.855681
-9.332816
-9.103047
10.303331

-9.037205

1.621499
3.578297
4.432647
3.378411
3.744537
4.069407
2.861461
4.718288
4.411588
5.610477
4.842583
5.150992
3.945258
5.795628
6.700908
5.502055
5.866431
4.956000
6.168390
6.797390
6.498575
7.711772
6.841163
5.923302
7.159546
7.744606
7.453732
7.690627

8.669340
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Table 2.9 Xyz coordinates of the folded conformer structure of 1b.

r r O r r O r r O T r O O I T O I O O Z2 O O 0 u

12.503696
11.529998
14.574502
10.465229
12.909600
12.470835
13.361825
13.628463
14.569487
14.853893
15.331197
14.080029
11.268883
10.692136
11.716022
10.430518
9.830533
11.033185
9.588124
9.024921
10.187494
8.693400
9.258491
8.069611

7.392276
5.708567
3.523935
3.919920
4.330800
5.562201
6.635693
7.317727
5.859552
6.211425
5.917552
4.433841
8.446470
7.904336
9.141611
9.095850
8.413203
9.416171
10.268048
9.966147
10.982451
10.833406
11.081003
10.124798

0.913038
3.668485
1.055215
1.406603
2.436600
2.924348
2.329934
3.011121
1.797218
0.916639
2.426918
1.674505
1.718485
2.313150
2.263306
0.619168
0.226855
-0.097889
1.119676
1.875866
1.452335
0.020271
-0.753953
-0.278043

r o r r 6 r r 6 r r 6 r r 6 r r 6O T T T O I IT O

7.883714
8.502591
7.326047
6.983062
7.535796
6.425543
6.409293
9.061813
8.526756
8.821235
8.812559
9.387346
9.088695
7.368706
6.803668
7.033057
7.274191
7.857214
7.637810
5.880289
5.473106
5.311377
5.916841
6.332202

12.051238
12.773217
11.814145
12.563858
12.890265
13.295282
11.835466
3.934034
3.889272
3.164534
5.234255
5.262330
5.980034
5.463579
5.602818
4.664818
6.683119
6.528724
7.463269
7.043567
6.249574
7.299810
8.191677
8.978034

0.444545
0.719870
1.227502
-0.674308
-1.414786
-0.335735
-0.991353
1.105595
1.937281
0.530887
0.383323
-0.422157
0.973050
-0.043669
0.757117
-0.522580
-0.954386
-1.739535
-0.465386
-1.458858
-1.887665
-0.690176
-2.460872
-2.025952

m I T T O O O O o o rr r r O I T O T T O I T O T

6.494842
4.553558
4.106039
3.995588
4.638491
5.083383
5.204887
3.288999
2.796094
2.760879
3.413209
3.885370
2.519479
3.915651
12.208849
10.888160
12.810655
10.946699
10.286353
12.150310
13.808590
9.288419
10.366050
12.750734

7.930066
8.599818
7.802501
8.933062
9.676678
10.473675
9.344053
10.093953
9.285600
10.530883
11.047415
11.858161
11.286312
10.612750
3.066658
0.684158
2.096602
2.845463
1.654213
0.905352
2.271492
1.479323
-0.257719
-0.062478

-3.220847
-3.004719
-3.383787
-2.257664
-4.077102
-3.693666
-4.817915
-4.642712
-4.931695
-3.927888
-5.820624
-5.536787
-6.143702
-6.541223
2.709976
3.225200
3.496308
2.181256
2.438868
3.753920
3.914347
2.020829
3.428884
4.538448
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Table 2.10 Xyz coordinates of the unfolded conformer structure of 1b.

rI r O r r o r r O I r O O I T O I O O Z2 O O O u

12.503696
11.529998
14.574502
14.090500
12.909600
12.470835
13.361825
13.628463
14.569487
14.853893
15.331197
14.080029
11.268883
10.692136
11.716022
10.430518
9.830533

11.033185
9.588124

9.024921

10.187494
8.693400

9.258491

8.069611

7.392276
5.708567
3.523935
2.462400
4.330800
5.562201
6.635693
7.317727
5.859552
6.211425
5.917552
4.433841
8.446470
7.904336
9.141611
9.095850
8.413203
9.416171
10.268048
9.966147
10.982451
10.833406
11.081003
10.124798

0.913038
3.668485
1.055215
3.959500
2.436600
2.924348
2.329934
3.011121
1.797218
0.916639
2.426918
1.674505
1.718485
2.313150
2.263306
0.619168
0.226855
-0.097889
1.119676
1.875866
1.452335
0.020271
-0.753953
-0.278043

r o r r o r r 60 r r 66 r r 6 r r 6 T T T O I IT O

7.883714
8.502591
7.326047
6.983062
7.535796
6.425543
6.409293
14.921800
15.030100
14.524900
16.250400
16.102100
16.605800
17.302300
17.583100
16.916400
18.513700
18.207900
18.867300
19.659400
19.307600
20.043800
20.756900
21.096900

12.051238
12.773217
11.814145
12.563858
12.890265
13.295282
11.835466
1.416200
0.691100
1.035700
2.063100
2.804400
2.456600
1.126700
0.474700
0.623800
1.922000
2.576500
2.435700
1.113800
0.538600
0.524700
2.011500
2.587800

0.444545
0.719870
1.227502
-0.674308
-1.414786
-0.335735
-0.991353
4.483700
3.818500
5.307100
4.784900
5.424000
3.948800
5.364800
4.674900
6.125200
5.839800
6.516800
5.071000
6.441100
7.166000
5.744400
7.000700
6.271100

20.361600
21.931900
21.590600
22.377200
22.957100
23.298800
22.506600
24.135900
23.794400
24.655500
25.057300
25.413000
25.798200
24.554600
12.208849
10.888160
10.946698
12.810655
12.150311
10.286354
10.470873
12.626136
10.366050
9.027099

2.602700
1.263700
0.638000
0.727200
2.189500
2.811500
2.731200
1.464300
0.767400
1.012000
2.397100
3.079800
1.882500
2.831300
3.066658
0.684158
2.845463
2.096603
0.905352
1.654213
3.612449
0.138366
-0.257719
1.433524

7.689400
7.618000
8.304800
6.914900
8.257300
7.567000
8.952900
8.889500
9.504000
8.178000
9.659500
9.052700
10.042200
10.380200
2.709976
3.225200
2.181256
3.496307
3.753920
2.438868
1.559533
4.375643
3.428884
1.911362
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Table 2.11 Xyz coordinates of the folded conformer structure of 1c.

r 6 r r 6 r r 6 r r O r r r r T T I IT IT I IT IT O O O O O O O

11.268200
10.348100
9.627300
8.749100
7.876200
6.966700
6.072400
10.846800
9.681900
10.297000
9.063300
9.328200
8.166500
7.319300
8.459200
7.528800
6.395100
6.639900
5.521100
5.153400
4.602300
5.710600
4.225400
3.663500
4.772100
3.324600
2.794700
3.887700
2.372400

1.829600

7.356700
8.253700
9.154400
8.381200
9.288200
8.509600
9.378000
8.812600
7.723800
9.676700
9.794200
7.835900
7.763000
9.856900
9.884600
7.944300
7.905700
9.964200
9.959000
8.565300
7.968400
7.993200
9.399600
9.972300
9.994700
8.558100
7.948300
8.001000
9.383400

9.959100

9.947400
10.609000
9.625700
8.644100
7.779100
6.836400
5.965000
11.256800
11.113800
9.116300
10.127700
8.054700
9.151600
8.368200
7.246000
6.249000
7.374300
5.404300
6.547700
5.063000
5.627900
4.477600
4.186200
4.766700
3.613900
3.304000
3.875900
2.710000
2.448000

3.026400

I o 6o T o T oo o T T oo o T 6oz 0o m T T I O I I O »w I T

1.786000
2.888700
9.772700
8.837000
8.206600
9.466400
8.055300
7.481200
8.687300
7.430134
16.485600
11.769900
13.482000
12.792400
11.471800
11.525500
11.997800
12.949900
12.357000
11.818800
13.068000
13.353300
12.546800
13.089800
12.551400
14.427100
14.805800
15.191900
14.679700

15.222500

8.783700
9.937800
4.071800
5.003800
5.611400
5.562300
4.120100
3.502400
3.574200
4.713484
8.605400
6.455400
4.231600
5.607200
4.110200
3.749100
5.528200
4.377800
3.327200
2.679600
2.837200
6.846500
7.770600
8.991000
9.633600
9.273000
10.106100
8.331800
7.117700

6.484300

1.941300
1.826800
8.021100
6.775900
7.237700
6.254400
5.818700
6.337600
5.286500
5.141736
8.885000
6.721600
10.314400
8.601700
7.363700
6.432900
7.460300
9.244600
8.341600
8.862200
7.857700
9.044200
9.711400
10.088900
10.536300
9.810800
10.065300
9.162400
8.764200

8.310200
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Table 2.12 Xyz coordinates of the unfolded conformer structure of 1c.

O r r 0o r r 9*r r 6 r r 0TI r 0 I r O o m I I O O O O O O T

1.568605
2.005647
3.081225
3.071032
1.507204
2.034931
3.618868
3.486992
1.583589
0.489424
4.738271
5.923504
5.819871
6.112968
7.081586
6.818983
7.221407
8.372878
8.205022
8.660143
9.506386
9.208893
9.688044
10.792082
10.606556
11.094111
11.922886
11.619348
12.109925

13.207808

-1.597497
-1.384116
-0.833551
-0.498444
-2.011242
-1.753050
-0.249078
-0.015482
-2.257928
-2.873378
0.542758
-0.248422
-1.231530
-0.394118
0.508433
0.759623
1.467589
-0.305658
-1.280007
-0.498807
0.422154
0.625919
1.390741
-0.406011
-1.376434
-0.606282
0.316083
0.517239
1.286016

-0.513657

-7.465531
-6.495245
-3.942625
-6.370554
-5.360311
-4.096307
-5.107539
-7.250570
-3.247329
-5.482239
-5.052539
-5.214173
-4.735778
-6.284190
-4.570946
-3.536085
-5.084709
-4.603040
-4.128172
-5.643625
-3.879546
-2.843529
-4.360841
-3.887117
-3.410690
-4.922289
-3.152933
-2.118306
-3.629596

-3.157398

r r r O r r O » T O T r O 0O OO O zZz I r T OI T O I T O T =T

13.020286
13.511620
14.338589
14.034753
14.526234
15.622488
15.441390
15.932933
16.749170
16.483037
16.977309
17.657356
3.598490
4.061415
3.821923
4.065780
3.775424
4.237684
5.123901
3.420740
4.566195
5.653172
3.864735
2.090345
1.922550
1.761284
1.280432
0.215561
1.562676

1.403953

-1.483658
-0.714778
0.207874
0.409258
1.177968
-0.621451
-1.590837
-0.822100
0.092342
0.279390
1.052397
-0.518295
-0.530384
0.710049
-1.477283
1.737042
-2.696288
-0.791369
-1.285837
-0.866049
0.619207
0.757020
1.893719
1.778125
2.141724
0.738051
2.615096
2.545821
3.672365

2.264123

-2.680990
-4.191925
-2.422390
-1.387884
-2.898599
-2.426657
-1.947908
-3.458678
-1.696868
-0.651630
-2.170771
-1.712098
-2.653941
-2.280081
-1.680834
-2.946952
-1.769948
-0.415321
-0.004411
0.308499
-0.860319
-0.884757
0.245739
-0.162929
-1.180677
-0.101996
0.811872
0.565441
0.766201

1.842073
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Table 2.13 Xyz coordinates of the folded conformer structure of 5a.

Z I T O T O T O O o T 6o o T r 6O r r 6 r r 6O T T O T T O T T T O

-7.581929
-8.156629
-8.045029
-7.379729
-6.299529
-6.519229
-5.796729
-5.416228
-5.209529
-5.925729
-4.148228
-3.631228
-4.357728
-3.252628
-3.076528
-3.731828
-1.945828
-1.504828
-2.129428
-0.985028
-0.946428
-1.548428
-0.045428
0.831772
0.811772
1.423872
-0.091228
-0.103128
-0.010128
-0.823728
-0.018728

1.183472

-3.495789
-3.118089
-3.450589
-4.430789
-2.707589
-1.748289
-2.990989
-2.874689
-3.837289
-2.591489
-2.127689
-2.432289
-1.170089
-2.248289
-3.206389
-1.877589
-1.533089
-1.862489
-0.568989
-1.693489
-0.777489
-0.042989
-0.908689
-1.993289
-2.904289
-3.631089
-2.758189
-3.398489
0.121911
0.027811
1.027612

-0.012889

2.431415
1.730915
3.293215
2.217115
2.507015
2.611115
3.311615
1.298415
1.194015
0.498115
1.330915
2.118015
1.468215
0.095315
-0.082585
-0.688585
0.253415
1.076515
0.378315
-0.903385
-1.948286
-1.942086
-3.009886
-3.022786
-1.970886
-1.965186
-0.937486
-0.234685
-4.117586
-4.672686
-3.716386

-4.981386

o o or r r 6o O T O T O T O O O o T O Oo T O T O O T T O Z2 T T O

1.350372
0.497272
2.037172
1.746672
3.130472
3.753972
3.346572
2.373472
2.568472
1.906272
3.720272
3.847372
4.699072
4.485672
5.141272
3.332572
5.950572
6.951672
8.134972
8.798172
8.362772
9.185673
7.384072
7.537972
6.176472
6.788572
6.242272
7.669372
6.348472
5.387072
5.148772

3.921472

-1.446089
-1.806289
-1.553089
-2.210389
-1.831589
-2.250089
-2.179789
0.513711
1.898812
2.467812
2.445012
3.385812
1.624812
0.249511
-0.314689
-0.324189
2.202612
2.713912
3.200712
3.574112
3.149912
3.461612
2.643112
2.594412
2.204312
2.759912
2.001312
2.711612
3.597812
1.217212
1.801212

2.252012

-5.281186
-5.631186
-5.986086
-4.110186
-3.762686
-4.407686
-2.861486
-4.350286
-4.356086
-4.730286
-3.820586
-3.838486
-3.251186
-3.234086
-2.843086
-3.777686
-2.674886
-3.518186
-2.958786
-3.527486
-1.593886
-1.234685
-0.756985
0.180115
-1.285186
-5.014186
-5.306286
-5.439986
-5.269486
0.732915
-0.281185

-0.598485

2.802272
2.820672
3.475072
1.708372
1.500672
0.935572
1.167772
0.652172
2.133972
2.336572
-0.070428
-0.200628
0.308272
-1.378428
-1.736528
-1.262928
-2.450528
-2.494928
-2.090228
-3.666728
-3.994628
-3.635928
-4.740528
-4.753328
-4.421428
-6.048629
-6.406329
-6.103329
-6.847929
-6.372429
-6.908429

-7.752529

1.917512
2.607312
3.248012
2.192112
2.739212
1.079612
0.338211
-0.445189
0.707011
0.138711
0.521012
-0.445789
0.616412
1.196412
1.152712
2.150612
0.510112
-0.456689
0.596511
0.977512
0.984412
1.918012
0.187811
-0.756789
0.199311
0.661112
0.688612
1.567412
-0.416789
-0.556989
-1.270289

-0.086189

0.240015
1.514315
1.767715
2.353015
3.101915
2.154915
1.011915
0.857615
0.081015
-0.651685
3.175715
3.002815
4.085815
3.128615
2.205615
3.366915
4.155015
3.947615
5.074415
4.155015
3.221715
4.463715
5.058215
4.763315
5.996115
5.042115
4.120415
5.438415
5.947715
6.793315
5.463815

6.132015
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Table 2.14 Xyz coordinates of the unfolded conformer structure of 5a.

C -1.176668 -2.031344 -12.946582 |C  -1.229949 0.017675 -1.145304 |C  1.525233 0.933289 4.000034
H -1.616389 -2.877417 -12.713247 |H -2.033553 -0.387000 -1.558197 |C  1.543632 1.623089 5.274334
H -0.777272 -2.105902 -13.837720 |H -1.477779 0.327292 -0.238251 |H  2.198033 2.263789 5.527734
H -1.839391 -1.308968 -12.944296 |N -0.808629 1.159519 -1.939742 |C  0.431332 1.207889 6.113034
C -0.099931 -1.730393 -11.935844 |C  0.219448 1.894236 -1.176592 |H  0.223632 1.754989 6.861934
H  0.500268 -2.514021 -11.864783 |H -0.217029 2.399040 -0.445442 |C  -0.341468 0.095389 5.914934
H  0.439157 -0.965933 -12.260635 |H  0.663344 2.547193 -1.773842 |C  -0.109268 -0.646011 4.771934
C -0.632935 -1.401645 -10.565921 |C  1.053982 -0.415305 -0.553432 |H -0.624868 -1.429411 4.617634
H  -1.240709 -0.624216 -10.646158 |C  2.026297 -1.261489 -0.010166 |C  0.856932 -0.277211 3.841034
H -1.172076 -2.169022 -10.248540 |H  1.886083 -2.200964 -0.005515 |H  1.059532 -0.845511 3.108334
C 0.383450 -1.094007 -9.546505 C  3.190749 -0.738308 0.520938 |C -1.347468 -0.463211 6.935734
H 0.903221 -0.310710 -9.856151 H  3.839995 -1.320692 0.896288 |H -1.477668 -1.430011 6.762834
H 1.008115 -1.859929 -9.492679 C  3.422033 0.640589 0.508833 |H -0.968768 -0.367811 7.845834
C -0.131912 -0.797938 -8.135797 C 2455948 1.471355 -0.051337 |C  -2.655468 0.212189 6.888634
H -0.796606 -0.065419 -8.182836 H 2.607467 2.408203 -0.070622 |H -3.013568 0.168489 5.965634
H -0.591544 -1.602118 -7.784253 C 1.267920 0.964189 -0.585794 |H -2.539968 1.166389 7.126934
C  0.960679 -0.405397 -7.189018 C 4.673533 1.218389 1.085133 |C -3.727568 -0.474111 7.915034
H  1.456993 0.356785 -7.580463 C 5.674633 1.729689 0.241833 |H -3.771968 -1.440911 7.707634
H 1591988 -1.162794 -7.107806 C 6.857933 2.216489 0.801233 |H -3.367268 -0.387711 8.834434
C  0.496745 -0.015679 -5.803400 H 7521133 2.589889 0.232533 |C -4.943768 -0.006711 7.915034
C  0.430597 -0.944461 -4.771242 C 7.085733 2.165689 2.166134 |H -5.271668 0.000189 6.981734
H  0.667699 -1.847424 -4.945523 H 7.908633 2.477389 2.525334 |H -4.912968 0.933789 8.223734
C 0.022981 -0.585545 -3.482429 C 6.107033 1.658889 3.003034 |C -6.017568 -0.796411 8.818234
C -0.334293 0.739090 -3.230036 H 6.260933 1.610189 3.940134 |H -6.030368 -1.741011 8.523334
C -0.252880 1.678507 -4.253599 C  4.899433 1.220089 2474834 |H -5.698468 -0.784911 9.756134
H -0.473230 2.586167 -4.078853 C 5511533 1.775689 -1.254167 |C -7.325668 -0.323111 8.802134
C  0.145360 1.299437 -5.519451 H  4.965233 1.017089 -1.546267 |H -7.683368 -0.295611 7.880434
H 0.179845 1.950207 -6.211812 H 6.392333 1.727389 -1.679967 |H -7.380368 0.583189 9.198434
C -0.010828 -1.615525 -2.374106 H 5.071433 2.613589 -1.509467 |C -8.124968 -1.401011 9.707734
H -0.758627 -2.242313 -2.538027 O  4.110033 0.232989 4.492934 |H -7.649468 -1.541211 10.553334
H 0.831763 -2.136170 -2.391307 C 3.871733 0.816989 3.478834 |H -8.185468 -2.254511 9.223834
N -0.174952 -1.005498 -1.036223 O 2644433 1.267789 3.161534 [H -9.029568 -1.070411 9.892034
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Table 2.15 Xyz coordinates of the folded conformer structure of 5b.

O r o rT o 6o r r 6oz I T Oz I I O I O I O O O I o O

-0.985028
-0.946428
-1.548428
-0.045428
0.831772
0.811772
1.423872
-0.091228
-0.103128
-0.010128
-0.823728
-0.018728
1.183472
1.350372
0.497272
2.037172
1.746672
3.130472
3.753972
3.346572
2.373472
2.568472
1.906272
3.720272
3.847372
4.699072

-1.693489
-0.777489
-0.042989
-0.908689
-1.993289
-2.904289
-3.631089
-2.758189
-3.398489
0.121911
0.027811
1.027612
-0.012889
-1.446089
-1.806289
-1.553089
-2.210389
-1.831589
-2.250089
-2.179789
0.513711
1.898812
2.467812
2.445012
3.385812
1.624812

-0.903385
-1.948286
-1.942086
-3.009886
-3.022786
-1.970886
-1.965186
-0.937486
-0.234685
-4.117586
-4.672686
-3.716386
-4.981386
-5.281186
-5.631186
-5.986086
-4.110186
-3.762686
-4.407686
-2.861486
-4.350286
-4.356086
-4.730286
-3.820586
-3.838486
-3.251186

O O T o I o 0o o o o T r o O IT oI O I o O o0 o0 T o

4.485672
5.141272
3.332572
5.950572
6.951672
8.134972
8.798172
8.362772
9.185673
7.384072
7.537972
6.176472
6.788572
6.242272
7.669372
6.348472
5.387072
5.148772
3.921472
2.802272
2.820672
3.475072
1.708372
1.500672
0.935572
1.167772

0.249511
-0.314689
-0.324189

2.202612

2.713912

3.200712

3.574112

3.149912

3.461612

2.643112

2.594412

2.204312

2.759912

2.001312

2.711612

3.597812

1.217212

1.801212

2.252012

1.917512

2.607312

3.248012

2.192112

2.739212

1.079612

0.338211

-3.234086
-2.843086
-3.777686
-2.674886
-3.518186
-2.958786
-3.527486
-1.593886
-1.234685
-0.756985
0.180115
-1.285186
-5.014186
-5.306286
-5.439986
-5.269486
0.732915
-0.281185
-0.598485
0.240015
1.514315
1.767715
2.353015
3.101915
2.154915
1.011915

r r r r 0O r r O r r O rr r OO I r O I r O I T O I O T

0.652172
2.133972
2.336572
-0.070428
-0.200628
0.308272
-1.378428
-1.736528
-1.262928
-2.450528
-2.494928
-2.090228
-3.666728
-3.994628
-3.635928
-4.740528
-4.753328
-4.421428
-6.048629
-6.406329
-6.103329
-6.847929
-6.372429
-6.908429
-7.752529
-1.681343

-0.445189
0.707011
0.138711
0.521012
-0.445789
0.616412
1.196412
1.152712
2.150612
0.510112
-0.456689
0.596511
0.977512
0.984412
1.918012
0.187811
-0.756789
0.199311
0.661112
0.688612
1.567412
-0.416789
-0.556989
-1.270289
-0.086189
-1.577243

0.857615
0.081015
-0.651685
3.175715
3.002815
4.085815
3.128615
2.205615
3.366915
4.155015
3.947615
5.074415
4.155015
3.221715
4.463715
5.058215
4.763315
5.996115
5.042115
4.120415
5.438415
5.947715
6.793315
5.463815
6.132015
-0.065025

71




Table 2.16 Xyz coordinates of the unfolded conformer structure of 5b.
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-0.985028
-0.946428
-1.548428
-0.045428
0.831772
0.811772
1.423872
-0.091228
-0.103128
-0.010128
-0.823728
-0.018728
1.183472
1.350372
0.497272
2.037172
1.746672
3.130472
3.753972
3.346572
2.373472
2.568472
1.906272
3.720272
3.847372
4.699072

-1.693489
-0.777489
-0.042989
-0.908689
-1.993289
-2.904289
-3.631089
-2.758189
-3.398489
0.121911
0.027811
1.027612
-0.012889
-1.446089
-1.806289
-1.553089
-2.210389
-1.831589
-2.250089
-2.179789
0.513711
1.898812
2.467812
2.445012
3.385812
1.624812

-0.903385
-1.948286
-1.942086
-3.009886
-3.022786
-1.970886
-1.965186
-0.937486
-0.234685
-4.117586
-4.672686
-3.716386
-4.981386
-5.281186
-5.631186
-5.986086
-4.110186
-3.762686
-4.407686
-2.861486
-4.350286
-4.356086
-4.730286
-3.820586
-3.838486
-3.251186
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4.485672
5.141272
3.332572
5.950572
6.140627
7.294744
7.436630
8.235730
9.001678
8.053489
8.689579
6.940832
5.137905
4.237339
5.186687
5.338284
7.287078
6.913997
6.506032
6.379789
7.657592
8.500363
7.481978
8.236616
6.321523
5.196208

0.249511
-0.314689
-0.324189
2.202612
2.241296
2.833648
2.831975
3.424016
3.845865
3.394781
3.808178
2.762351
1.657102
1.747703
2.134603
0.708534
3.544767
2.678536
1.472755
1.232206
1.140805
1.191331
0.961347
0.666735
1.181280
1.510380

-3.234086
-2.843086
-3.777686
-2.674886
-1.283064
-0.766115
0.173324
-1.592817
-1.220375
-2.964325
-3.537654
-3.504571
-0.323898
-0.698079
0.529953
-0.178950
-5.726774
-4.994177
-5.429863
-6.841876
-7.519275
-7.083234
-8.951048
-9.448073
-9.643214
-8.911504
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4.381005
5.223256
4.463294
6.213552
5.422944
7.016216
6.093161
5.323963
6.91194
5.879416
5.101117
6.674839
5.691728
4.960837
6.512965
5.330693
4.522978
6.072929
5.099359
4.377292
5.920564
4.663866
5.31125
3.773798
4.632318
-1.68134

1.67936
1.600195
1.911194
1.225524
1.767198
1.675517
-0.10936
-0.58609
-0.63221
-0.01677
0.570206
0.430389
-1.13233
-1.62804
-1.67947
-1.00513
-0.43934
-0.52665
-2.18918
-2.71516
-2.7416
-1.68141
-1.02281
-1.26676
-2.44423
-1.57724

-9.37004
-7.52322
-7.0472
-11.177
-11.4281
-11.5431
-11.7876
-11.3837
-11.5957
-13.4061
-13.5776
-13.7934
-14.0526
-13.6068
-13.9689
-15.6165
-15.6995
-16.0657
-16.3093
-15.8848
-16.3526
-17.7835
-18.1121
-17.7374
-18.3989
-0.06502
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Table 2.17 Xyz coordinates of the folded conformer structure of 6.
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-0.613379

-0.532776

-0.391251

-0.146922

-0.923606

-0.404178

-2.020183

-2.279139

-1.512549

-1.535078

-2.788312

-3.644051

-3.009890

-4.036741

0.029600

0.890737

2.128414

3.044653

2.041409

2.273588

-0.613379

-0.532776

1.307298

2.228820

1.387831

2.368714

0.113977

0.302299

-0.628806

-1.473773

-0.444760

-1.204010

-0.315367

-0.203402

-0.395702

-0.345775

-0.173590

0.138620

0.017898

-0.110110

-0.849086

0.908814

1.307298

2.228820

0.659143

1.231867

-0.663760

-1.066112

1.447943

-1.645549

1.182359

1.813924

-1.840895

-2.617384

-1.168246

-1.830905

0.151382

0.507791

2.640483

-2.488078

-1.571804

-2.160513

-0.908215

-0.951232

0.659143

1.231867

1.075673

1.940678

1.247077

0.195015

0.888156

1.841990

0.105588

0.740099

1.500227

2.177347

1.821777

1.651112

-0.240584

0.490647

-0.170755

-1.230604

-0.123164

0.482501

-1.165498

0.202373

1.075673

1.940678

1.355937

1.219653

2.282106

1.504924

-1.122634

-1.231585

-1.073541

-2.035213

-0.209855

-0.424557

0.745007

-0.990590

-1.531865

-1.721522

-2.365448

-1.557985

0.921292

0.690983

1.011662

1.903342

1.355937

1.219653

-3.420597

-4.080542

-2.861817

-4.056194

-3.387578

-3.918062

-4.153444

-2.798478

2.169404

3.004790

1.739564

1.416232

3.334714

4.129959

2.626178

3.804344

3.719163

4.603732

4.046441

3.359991

-3.420597

-4.080542
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Table 2.18 Xyz coordinates of the unfolded conformer structure of 6.
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1.157547
1.328209
1.387160
1.724720
0.743813
1.295270
-0.384760
-0.588953
0.138831
0.073746
-1.139193
-1.929284
-1.421337
2.595433
3.790630
4.702722
3.594030
4.014800
2.902861
3.780724

1.008331
1.770667
1.308008
2.314115
-0.281103
0.383053
-0.924612
-1.879709
-0.250630
-0.894525
-0.131987
0.184822
-0.431270
0.219493
-0.116661
-0.291948
-1.020963
0.697222
1.523667
1.403730

1.470149
2.226343
0.181756
-0.054429
1.971220
-0.950592
1.632539
2.110114
-1.245823
-2.118512
-0.564785
-1.239923
0.722418
-1.783398
-0.861168
-1.443968
-0.273326
-0.162637
-2.550267
-3.196178

r r r 6 r r r 6 r r r O O T T T T O I =T

3.117349
2.060111
2.518239
3.473727
1.761184
2.285455
1.401203

-2.843490

-3.414022

-2.834472

-3.423660

-4.444332

-3.856931

-3.512836

-4.830853

-4.033393

-2.801380

-2.368931

-2.211584

-3.808353

2.359015
1.815656
-0.916750
-1.034964
-0.711384
-1.880251
-0.726728
-0.314370
-1.719175
-2.250821
-2.337184
-1.657545
0.404730
1.410805
0.515893
-0.157686
0.495026
1.489536
-0.007532
0.634024

-1.875270
-3.187661
-2.833000
-3.358447
-3.598546
-2.364799
2.713761
1.334427
1.625091
2.387263
0.719702
1.995079
0.410032
0.143298
0.902114
-0.514044
2.651662
2.490697
3.426373
3.062732
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CHAPTER 3

PROBING SOLVENT EFFECTS IN CH-ARENE INTERACTIONS WITH

MOLECULAR TORSIONAL BALANCES AND MULTIPARAMETER LINEAR

SOLVATION ENERGY RELATIONSHIPS
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3.1. Abstract

The goal of this project was to characterize organic solvent effects of CH-arene
interactions for varying size surfaces using molecular devices and correlate the changes
with solvent parameters. Molecular torsional balances were employed to determine the
relationship between solvent accessible surface area (SASA), solvent parameters, and CH-
arene interaction energies in organic solvents. The relative populations of syn- and anti-
conformers were measured using *H NMR and used to calculate balance folding energies
(AG). AG was proportional to the ASASA of the syn- and anti- conformers, which is
consistent with the solvophobic effect, even with different kinds of CH-arene interactions.
Solvent parameters from Kamlet-Taft, Catalan, and Lawrence linear solvation energy
relationship (LSER) model parameters were correlated with AG. While several parameters
correlated well with AG for balances which could only form intramolecular CH-n
interactions, correlation was poor with balances that could also form CH-arene edge

interactions, further suggesting that both interactions experienced similar solvent effects.

3.2 Introduction

Interactions between aliphatic and aromatic systems, i.e. CH-arene interactions
present themselves in different forms. CH-x interactions are weak attractive non-covalent
interactions between a hydrocarbon and an aromatic -System acting as a soft-acid and
soft-base respectively.! CH-r interactions are pervasive in synthetic chemistry and biology,
specifically in protein folding,> molecular recognition,® and reaction catalysis.* CH-n
interactions have been examined in aqueous and organic solvent environments.>® For

example, Emenike et al. demonstrated competitive attractions of the methyl-arene
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interactions in a variety of organic solvents and modeled the solvent effects.® Closely
related are CH- arene edge interactions, which are driven by stabilizing dispersion forces

between the aliphatic group and the edge of an arene.*°

However, previous studies have either varied the solvent for a fixed-sized surface
and do not measure how the interactions vary with solvent accessible surface areas
(SASA), or have varied surface area without changing solvent. Thus our studies can
provide a more general picture of CH-arene interactions and potentially provide a
comprehensive, predictive model for all solvents and varying sized surfaces based on the

solvent parameters and the solute's ASASA.

Therefore, our goal was to design a system to measure the CH-arene interactions’
energy as a function of SASA and solvent parameters. Uniparameter relationships are a
common method for estimating thermodynamic and Kinetic processes. For example,
empirical solvent parameters such as ET(30) and ced have been shown to correlate the
solvent dependence of solute-solute interaction energies.!> However, uniparameter
relationships are limited in processes that are made of multiple major components. Since
CH-arene interactions are combinations of dispersion, charge-transfer®** and
solvophobics which are all multi-component interactions, single parameter models are

limited in accuracy and in providing insight into the underlying component forces.

The general composition of most linear solvation energy relationship (LSER)
models are four parameters describing both the hydrogen bonding and electrostatic
interactions of the solvent with both solute and other solvent molecules. AG® is a constant

describing gas phase solute-solute interaction. Furthermore, coefficients for the individual
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parameters denote the importance or weight of the parameter. The combination of these
components allow LSER models to make accurate and compehesive descriptions of

complex solvent effect processes.

Because solvent effects are also heavily correlated with SASA of the solute, an
aim of this project was to monitor the change in LSER parameter coefficients with solute
SASA in order to generate a more general and comprehensive model of the solvent effects

for the CH-arene interaction.

3.3 Description of Solvent LSER Models

The most commonly used solvent LSER parameters are Kamlet-Taft parameters
(K-T) a, B, and n* derived from the shift in wavelength of solvatochromic dyes (Equation
3.1).1>16 Respectively, the parameters describe a solvent's hydrogen bond donating,
hydrogen bond accepting, polarizability. The additional 6 parameter is used as a correction
factor for * in aromatics and polychlorinated solvents. Furthermore, each parameter has

a coefficient which modifies the overall contribution to AG.

Equation 3.1 AG = AG® + ao + bf + s(z* + do)

The K-T parameters have been extensively used in modeling the behavior and
properties of ionic liquids, and have been successfully employed by Emenike in describing

trends in CH-r interaction molecular balance systems.!

Other LSER parameters have been developed to model solvent effects. Catalan
developed solvent parameters also derived from empirical measurements from

solvochromatic dyes for solvent acidity (SA), basicity (SB), dipolarity (SdP), and
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polarizability (SP) (Equation 3.2).}" Coefficients b, c, d, and e modify these parameters

respectively.

Equation 3.2 AG = AG® + bSA + cSB + dSP + eSdP

Laurence and coworkers developed a multiparameter solvent model which gauges
the components of dispersion and induction (DI), electrostatics (ES), hydrogen bond
acidity (al), and hydrogen bond basicity (B1) (Equation 3.3).28 It was demonstrated that
the LSER predict many solvent properties such as solvolysis rates and solvent conformer

equilibrium.*®

Equation 3.3 AG = AG® + di(DI) + eES + aal + bp1

In our study, we tested all three multiparameter LSER for their ability to model CH-
arene interaction energies for a series of molecular balances with varying SASA in solvents
of varying polarities to develop a comprehensive predictive model and to determine if any

specific solvent parameter was dominant in the observed solvent effects.

3.4 Experimental Design

Molecular torsional balances 1-7 were designed with ortho-alkyl groups X which
can form intramolecular CH-n position or meta-alkyl groups Y groups which form CH-
arene interactions with the edge of the aromatic shelf (Figure 3.1). The ability for X and
Y to for the respective interactions was confirmed with molecular modeling, showing
similar interaction distances from the X and Y groups to the arene as previous studies.'®*°
The X and Y groups are on the opposite side of the N-phenyl group, thus only one can form

an interaction with the aromatic surface per conformer. Since the X and Y groups form
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different types of interactions, another question was whether they could be fitted to a single
solvent model, which would suggest that solvent effects were dominant and not specific
CH-surface interactions. The N-arylsuccinimide framework provided a rotational barrier

which allowed for conformer populations to be easily observed on the *H NMR timescale.

a) B
; )
( X—\ﬁ'/%“\\ Z
\ { \
— \= Y -
Q NV} Q N/ﬂ \/
o - 0 X
anti- syn-
b)

Ao

&ﬂ‘v :..¢
.K'x‘ ,ﬁ 3.
L€ 32A " 226A

Figure 3.1 a) Equilibrium of torsional molecular balances between the anti- and syn-
conformers, with the total SASA varying between conformers. While X could form CH-xn
interactions in the syn- conformer, while Y could form solvophobic interactions in the anti-
conformer, b) balance 2 with measured distances from the Y group to the arene edge in the
anti- conformer and the X group to the arene center in the syn- conformer.

Models of the syn- and anti- conformers of the balances were developed using
Spartan18 in order to calculate the ASASA between the syn- and anti- conformers. The
lowest energy configurations for the syn- and anti- conformers were estimated from the
density functional theory minimized structures (density functional theory, B3LYP-D3, 6-

311G*). The ASASA was calculated using the same structures and a 1 A surface probe.
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Table 3.1 Calculated SASA and ASASA of alkyl-aryl balances, calculated using a 1 A
surface probe.

Balance Numbers

Substituent 1 2 3 4 5 6 7
X Me Me Me Me Me Et i-Pr
Y Adm | t-Bu i-Pr Me H H H

SASAsyn (A2) | 254.2 | 236.3 | 230.9 | 216.6 | 206.9 | 208.3 | 209.3

SASA anti (A?) 246.7 | 229.4 | 227.4 | 216.6 | 210.9 | 2155 | 222.0

ASASA (syn-antiA?)| 7.4 | 69 | 35 | 01 | 40 | -6.0 | -12.9

The AG for the syn- and anti- equilibria were measured via integration of the 1D
'H NMR spectra at 23 °C.2° The syn-/anti- ratio was measured from the separate signals
for the 2-methyl groups in balances 1-5, the 2-ethyl groups in balance 6, and the 2-i-propyl
groups in balance 7. Conformer peak assignments were based on previous work.?! The
syn/anti conformer population ratio (K), was put into Gibbs free energy equation to provide
the AG. Negative AG values were indicative of systems with more stable syn- conformers.
Five solvents (chloroform-d, benzene-d6, dichloromethane-d2, acetonitrile-d3, and
DMSO-d6) and 3 DMSO-d6/water mixtures (91% DMSO-d6, 78% DMSO-d6, and 67%

DMSO-d6 by volume) were used to obtain 8 different solvent measurements per balance,
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for a total of 56 measurements. Solutions were left for thirty min. before measurements to

ensure they had reached equilibrium.

3.5 Results and Discussion

The folding energies (AG) of the molecular balances fell between 0.63 and -0.44
kcal/mol. Within a single solvent, balances with larger ASASA values conformers showed
a greater preference for the syn- conformer, which is consistent with solvophobic effects
influencing the conformer ratio. The slopes between ASASA and AG were similar to
previous studied by Cockroft et al.?? Interestingly, although balances 4-7 were only capable
of making CH-x interactions and 1-3 could form CH-n and CH-arene edge interactions
(Figure 3.2), the solvophobic effects for both systems could be represented with a single

model. This would suggest that solvophobicity in both kinds of interactions are similar.

. 0.7 CH-m and

g 05 - CH-arene edge
% 0.3 1 CH-monly Q,»@
Y4 -

= 0.1 ~

© 2

1-0.1 - R =0.94
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2-0.3 +

O Solvent: chloroform
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Figure 3.2 AG between syn- and anti- conformers compared against ASASA in
chloroform-d, demonstrating similar solvent effects between balances which could only
form CH-r interactions and those which could also form CH-arene edge interactions.
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While there were several good correlations between AG and solvent parameters in
balances which could only form CH-x interactions, no individual parameter consistently
correlated well with balances which could form CH-n and significant CH-arene edge
interactions. Consistent with Emenike’s findings, hydrogen accepting and basicity
parameters most commonly had the best correlation with AG values.® This suggests that
preference for the syn- conformer is largely driven by the solvation of the aryl protons
exposed to the solvent environment. Other parameters which showed modest correlation
include dipolarizability and electrostatics, as they are chief components in the CH-n
interaction. Solvent ced showed a good correlation with AG in balances 4-7, further
indicating that solvophobic effects are significant contributors to the overall interaction.
However, balances 1-3 which could form significant CH-arene edge interactions did not
have good correlations between AG solvent parameters. One explanation for this is that
CH- arene edge interactions in the anti- conformer are driven by similar solvent effects to
CH- 7 interactions. Thus, the solvent effects will promote both conformers, and thus their
overall effect on AG is masked. Furthermore, because larger Y groups hinder interactions
between adjacent aryl hydrogens and solvent molecules, it would make sense that larger Y
groups are associated with decreased correlation between AG and hydrogen acceptor and

basicity parameters.
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Table 3.2 Kamlet-Taft parameters’ correlation to AG. Parameters taken from
literature.®

Kamlet-Taft parameters

Solvent o B * o
CDCls 0.20 0.10 0.58 0.50
CsDs 0.00 0.10 0.59 1.00
CD2Cl2 0.13 0.10 0.82 0.50
CDsCN 0.19 0.40 0.75 0.00
d6-DMSO 0.00 0.76 1.00 0.00
91% d6-DMSO:D20 0.11 0.73 1.01 0.00
78% d6-DMSO:D20 0.26 0.70 1.02 0.00
67% d6-DMSO:D20 0.39 0.66 1.03 0.00

AG vs parameter R?

1 0.01 0.60 0.57 0.30
2 0.01 0.67 0.81 0.68
3 0.02 0.80 0.80 0.40
4 0.00 0.96 0.83 0.54
5 0.03 0.80 0.63 0.31
6 0.03 0.82 0.94 0.58
7 0.01 0.89 0.74 0.84
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Table 3.3 Catalan parameters’ correlation to AG. Parameters taken from
literature.*’

Catalan parameters

Solvent SP SdP SA SB
CDCls 0.78 0.61 0.05 0.07

CsDs 0.79 0.27 0.00 0.12
CD2Cl2 0.76 0.77 0.04 0.18
CDsCN 0.65 0.97 0.04 0.29
d6-DMSO 0.83 1.00 0.07 0.65
91% d6-DMSO:D20 0.82 1.00 0.16 0.59
78% d6-DMSO:D20 0.80 1.00 0.29 0.51
67% d6-DMSO:D20 0.78 1.00 0.40 0.44

AG vs parameter R?

1 0.61 0.29 0.35 0.65
2 0.18 0.75 0.33 0.74
3 0.48 0.40 0.44 0.86
4 0.24 0.50 0.55 0.94
5 0.17 0.27 0.40 0.79
6 0.13 0.62 0.70 0.82
7 0.00 0.79 0.35 0.84
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Table 3.4 Laurence parameters’ correlation to AG. Parameters taken from
literature.'8

Laurence parameters

Solvent DI ES al B1
CDCls 0.80 0.40 0.20 0.00
CsDs 0.87 0.23 0.00 0.14
CD2Cl2 0.78 0.60 0.10 0.00
CDsCN 0.67 0.84 0.23 0.37
d6-DMSO 0.84 1.00 0.00 0.71
91% d6-DMSO:D20 0.82 0.99 0.14 0.68
78% d6-DMSO:D20 0.80 0.98 0.34 0.64
67% d6-DMSO:D20 0.78 0.96 0.51 0.60

AG vs parameter R?

1 0.23 0.41 0.00 0.53
2 0.00 0.78 0.02 0.54
3 0.15 0.59 0.00 0.75
4 0.05 0.74 0.02 0.95
5 0.07 0.52 0.00 0.89
6 0.00 0.80 0.10 0.78
7 0.06 0.93 0.07 0.87
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3.6 Conclusions and Future Work

We developed a molecular torsional balance system for observing how solvent
effects influence CH-arene interactions in organic solvents. It was demonstrated that the
solvophobic effects are similar between CH-r interactions and CH-arene edge interactions,
and that similar solvent parameters dominate the solvent effects between the two
interactions. In future studies, it would be advantageous to design balances with only Y

groups to further study CH-arene edge interactions.
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3.8 Supplemental Information

3.8.1 General Experimental Information

NMR spectra were recorded on Bruker 300 or 400 MHz spectrometers. Chemical
shifts are recorded in ppm (8) and were internally referenced. All chemicals were
purchased from commercial suppliers and used as received unless otherwise specified.
Flash chromatography was carried out using silica gel from Fisher Scientific (230x400
Mesh). HRMS were measured using a magnetic sector spectrometer (VG 70S) using El

Sources.
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3.8.2 Synthesis

Table 3.5 References for synthesis procedures of molecular torsional balances

Balance X Y Reference

1 Me Adm This project

2 Me t-Bu This project

3 Me i-Pr This project

4 Me Me Weber 19912
Srivastav 19932

5 Me H Weber 19912
Grossman 20032°

6 Et H Raimondi 20142

7 i-Pr H Raimondi 20142
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o acetic acid, reflux . N

NH, a

Figure 3.3 Synthesis of balance 1.
The solid 9,10-dihydro-9,10-ethanoanthacene-11,12-dicarboxylic  anhydride

(0.1151 g, 0.4166 mmol) and the solid 2-methyl-5-adamantylbenzeneamine (0.1040 g,
0.4309 mmol), and 1.0 mL glacial acetic acid were placed in an oven-dried 35-mL high
pressure tube equipped with magnetic stir bar. After heating at 125°C for 42 h, the tan
suspension was cooled to room temperature, and the acetic acid was removed under
vacuum. The residue was mixed with 5 mL methanol, sonicated for 2 min. , and chilled at
0 °C for 1 h, yielding a white solid and a pale-yellow supernatant. Filtration under vacuum
yielded the title compound (0.1624 g, 78%) as a white solid. *H NMR (400 MHz, CDCls)
0 =7.45-7.01 (m, 10 H, major and minor), 6.85 (d, J = 1.85, 1 H minor), 5.42 (d, J = 1.85,
1H, major), 4.91 (s, 1 H, minor), 4.90 (s, 1H, major), 3.40 (s, 1 H, major and minor), 2.12
- 2.02 (m, 3 H, major and minor), 2.01 (s, 3 H, major), 1.87- 1.67 (m, 12 H, major and
minor), 1.01 (s, 3 H, minor). **C NMR (100 MHz, CDCl3) 6 = 176.1, 176.0, 147.5, 147.3,
142.0, 141.3, 139.3, 139.0, 133.3, 132.4, 130.8, 130.4, 127.8, 127.6, 127.3, 127.2, 127.1,
126.8, 126.7, 125.6, 125.5, 125.3, 125.1, 124.3, 124.2, 77.4, 77.0, 76.6, 47.2, 47.1, 45.9,
45.3, 33.4, 33.2, 23.8, 23.7, 17.1 (major), 15.9 (minor). HRMS (EIl) (C3sH33NO2)" M

calculated 499.2511, observed 499.2509.
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1) maleic anhydride, neat, 110 °C
2) anthracene, toluene, reflux

NH,

Figure 3.4 Synthesis of balance 2.
The liquid 2-methyl-5-(1,1-dimethylethyl)benzenamine (0.1046 g, 6.406 mmol)

and maleic anhydride (0.1894 g, 1.931 mmol) were added into a 25 ml round bottom flask.
The reaction mixture was flushed with N2 and heated at 110 °C under N2 for 92 h without
solvent. The product mixture was a golden brown solid (0.1160 g, 74%) and was used
without further purification. Anthracene (0.1062 g, 0.5958 mmol) was mixed with 7 mL
reagent-grade toluene in an oven-dried 35-mL high pressure tube equipped with a magnetic
stir bar. A solution of the maleimide in 2 mL toluene was added dropwise with stirring at
room temperature, followed by a 1 mL toluene rinse. This golden-brown reaction mixture
was heated at 120 °C for 65 h, and the solvent was removed under vacuum. The golden-
brown residue was mixed with 10 mL methanol, sonicated for 2 min , and chilled at 0 °C
for 1 h. Filtration under vacuum yielded the title compound (0.1253 g, 46%) as a tan solid.
'H NMR (400 MHz, CDCls3) 6 = 7.44-7.12 (m, 9 H, major and minor), 7.07 (dd, 1 H, major
and minor), 6.88 (d, 1.85, 1 H, minor), 5.49 (d, 1.85, 1 H, major), 4.90 (s, 2 H, major and
minor), 3.40 (s, 2 H, major and minor), 2.01 (s, 3 H, major), 1.25 (s, 9 H, minor), 1.17 (s,
9 H, major), 1.01 (s, 3 H, minor). *C NMR (100 MHz, CDCls) § = 176.1, 176.0, 150.0,
142.0, 141.4, 141.4, 139.3, 138.9, 130.3, 127.4, 127.2, 126.8, 126.8, 126.6, 125.5, 125.3,
124.5, 124.4, 124.4, 1242, 47.2, 47.1, 459, 454, 34.4, 31.2, 17.0. HRMS (El)

(C29H27NO2)" M calculated 421.2042, observed 421.2048.
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1) maleic anhydride, diethyl ether, 23 °C - N
2) acetic anhydride, sodium acetate
3) anthracene, toluene, reflux

NH,

Figure 3.5 Synthesis of balance 3.
Maleic anhydride (0.2290 g, 2.335 mmol) was dissolved in 25 mL anhydrous

diethyl ether, and a mixture of 2-methyl-5-(1-methylethyl)benzenamine (0.5010 g, 3.357
mmol) in 20 mL anhydrous diethyl ether was added dropwise with magnetic stirring at 23
°C. This amber reaction mixture was allowed to stir at room temperature for 48 h, followed
by removal of the solvent under vacuum. The residue (a dark brown oil) was used without
further purification (0.1817 g, 74%). Anthracene (0.1075 g, 0.6031 mmol) was mixed with
7 mL reagent-grade toluene in an oven-dried 35-mL high pressure tube equipped with a
magnetic stir bar. A solution of the maleimide in 2 mL toluene was added dropwise with
stirring at room temperature, followed by a 1-mL toluene rinse. This pale yellow reaction
mixture was heated at 140 °C for 24 h, and the solvent was removed under vacuum. The
off-white solid residue was mixed with 10 mL methanol, sonicated for 2 min., and chilled
at 0 °C for 1 h. Filtration under vacuum yielded the title compound (0.1654 g, 67%) as a
white solid. *H NMR (400 MHz, CDCl3) § = 8.40 - 6.97 (m, 11 H, major and minor), 6.76
(s, 1 H, minor), 5.31 (s, 1 H, major), 4.91 (s, 2 H, minor), 4.90 (2, 2 H, major), 3.40 (s, 2
H, major and minor) 2.82 (m, J =6.87, 1 H, minor), 2.70 (m, J = 6.87, 1 H, major), 2.01 (s,
3 H, major), 1.18 (d, J = 6.87, 6 H, minor), 1.12 (d, J = 6.87, 6 H, major), 1.01 (s, 3 H,
minor).13C NMR (100 MHz, CDCls) 6 =176.1, 176.0, 142.0, 141.3, 139.3, 139.0, 132.4,

130.5, 127.9, 127.6, 127.4, 127.1, 126.9, 126.8, 125.7, 125.5, 125.3, 125.1, 124.4, 124.2,
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775, 77.0, 76.6, 47.2, 47.1, 45.9, 45.4, 33.4, 33.3, 23.8, 23.7, 17.1, 16.0. HRMS (EI)

(C28H2sNO2)" M calculated 407.1885, observed 407.1904.

3.8.3 Crystallography Data
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Figure 3.6 X-ray structure of balance 1. Balance 1 was crystallized in a mixture of
methanol and chloroform for 30 days in 2 mL dram.

Table 3.6 General information about calculated crystal structure for balance 1. These data
can be obtained free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Empirical Formula CasH3sNO;
Formula weight 499.62
Temperature/K 100(2)
Crystal system Monoclinic
Space group P2i/c

alA 13.4265(6)
b/A 15.0535(7)
c/A 12.9181(7)
o/° 90

Bl 104.3933(3)
v/° 90
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file:///D:/www.ccdc.cam.ac.uk/data_request/cif

Volume/A3 2522.8(2)

Z 4

Peaicg/cm® 1.315

wmm* 0.080

F(000) 1064.0

Crystal size/mm? 0.44 x 0.32 x 0.18

Radiation MoKa (A =0.71073)

20 range for data collection/° 4.144 to0 55.034

Index ranges -17<h<17,-19<k<19,-16<1<16
Reflections collected 59291

Independent reflections 5812 [Rint = 0.0507, Rsigma = 0.0233]
Data/restraints/parameters 5812/30/427

Goodness-of-fit on F2 1.198

Final R indexes [[>=2c (I)] R1 =0.0546, wR2 = 0.1195

Final R indexes [all data] R:1=0.0619, wR, = 0.1226

Largest diff. peak/hole / e A3 0.37/-0.22

Flack parameter NA

-34 Y

™ PLATON-Jon 21 16:04:13 2023 - (281122)

-27  smssiSS P12l/nl F=0.04 RES= 0 -10 X

Figure 3.7 X-ray structure of balance 2. Balance 2 was crystallized in a mixture of
methanol and chloroform for 30 days in 2 mL dram.
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Table 3.7 General information about calculated crystal structure for balance 2. These data
can be obtained free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Empirical Formula CagH27NO>
Formula weight 421.51
Temperature/K 100(2)
Crystal system Monoclinic
Space group P21/n

alA 13.9171(8)
b/A 10.5494(6)
c/A 15.4248(6)
a/® 90

B/ 102.256(3)
v/° 90
Volume/A3 2147.0(2)
Z 4
Peaicg/cm’ 1.304
pw/mm? 0.081
F(000) 896.0

Crystal size/mm?

0.54 x0.28 x 0.2

Radiation

MoK (A = 0.71073)

20 range for data collection/°

4.762 to 56.588

Index ranges

-18<h<18,-14<k<13,-20<1<20

Reflections collected

57178

Independent reflections

5275 [Rint = 0.0673, Rsigma = 0.0409]

Data/restraints/parameters

5275/0/293

Goodness-of-fit on F?

1.031

Final R indexes [[>=2c (I)]

R1=0.0448, wR, = 0.1120

Final R indexes [all data]

R: =0.0564, wR2 = 0.1193
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file:///D:/www.ccdc.cam.ac.uk/data_request/cif

Largest diff. peak/hole / e A3

0.43/-0.25

Flack parameter

NA
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Figure 3.8 X-ray structure of balance 3. Balance 3 was crystallized in a mixture of
methanol and chloroform for 30 days in 2 mL dram.

Table 3.8 General information about calculated crystal structure for balance 3. These data
can be obtained free of charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data request/cif.

Empirical Formula CasH2sNO;
Formula weight 407.49
Temperature/K 100(2)
Crystal system Monoclinic
Space group P21/c

alA 10.7304(6)
b/A 20.0539(11)
c/A 20.0623(10)
o/° 90

B/ 90.088(3)
y/° 90
Volume/A3 4317.1(4)
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file:///D:/www.ccdc.cam.ac.uk/data_request/cif

Z 8
Peaicg/cm? 1.254
wmm* 0.078
F(000) 1728.0

Crystal size/mm?3

0.42 x0.14 x0.13

Radiation

MoKa (A = 0.71073)

20 range for data collection/°

3.796 to 55.268

Index ranges

-13<h<13,-26<k<26,-26<1<26

Reflections collected

9883

Independent reflections

9883 [Rip = 2 Rgjgma = 0-0324]

sigma

Data/restraints/parameters

9883/0/568

Goodness-of-fit on F2

1.047

Final R indexes [[>=2c (I)]

R1=0.0410, wR; = 0.0945

Final R indexes [all data]

R1 =0.0495, wR2 = 0.1002

Largest diff. peak/hole / e A3

0.29/-0.21

Flack parameter

NA
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3.8.4 'H and 3C NMR Spectra
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Figure 3.9 'H NMR spectrum of balance 1 (400 MHz, chloroform-d).
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Figure 3.10 3C NMR spectrum of balance 1 (100 MHz, chloroform-d).
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Figure 3.11 *H NMR spectrum of balance 2 (400 MHz, chloroform-d).
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Figure 3.12 3C NMR spectrum of balance 2 (100 MHz, chloroform-d).
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3.8.5 SASA Calculations

The difference of the solvent accessible alkyl surface area between the folded and
unfolded conformers between balances was modeled and calculated using Spartan 18.
Conformer geometries were optimized using density functional theory methodology, at the
B3LYP-D3, 6-311 level of theory. Vibrational analysis confirmed that geometries
converged to a ground state. Surface areas were measured using a 1 A probe. ASASA (A?)
was measured by subtracting the folded conformer SASA from the unfolded conformer

SASA.
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Table 3.9 Xyz coordinates of the anti- conformer structure of 1.

C 3.855888  -1.657953  -0.532603 | H 2.614311  -0.622885 1.294592 | H -4.937782 0.897482  -0.364235
H 4.311384  -1.484350  -1.507602 | C 1.870781 0.383751 1.897465 | H -4.007982 0.573098 1.089318
C 2.720092  -2.738861  -0.648771 | C 2.295328 1.813007  -0.008388 | C -3.122489 2.621944  -1.573862
H 3.141440  -3.651937  -1.073148 | C 4.238053  -2.424792 1.748901 | H -3.848972 2.239835  -2.298188
C 2.773201  -2.043540 1.801419 | C 6.889300  -3.140504 1.296103 | H -2.195401 2.802477  -2.130233
H 2.323115  -2.194271 2.782648 | C 4.821967  -2.215371 0.490473 | C -1.830630 2.158316 0.520104
C 2.070909  -2.957520 0.732510 | C 4977958  -2.994211 2.775653 | H -1.628290 1.441102 1.323140
H 2.115799  -3.996384 1.064404 | C 6.310099  -3.349047 2.545786 | H -0.880910 2.332193 0.003285
C 1.597005  -2.245675  -1.545268 | C 6.142663  -2.573710 0.259908 | C -3.648065 3.932256  -0.961768
C 0.615475  -2.552888 0.557038 | C -1.123792  -3.547893  -2.827620 | H -3.832496 4.654733  -1.765014
N 0.431737  -2.155645  -0.777120 | H -1.941142  -4.007397  -3.386760 | C -2.346278 3.471509 1.132627
0 -0.233605  -2.536941 1411053 | H -0.805785  -4.256485  -2.057502 | H -1.592308 3.862247 1.826716
0] 1.685304  -1.954081  -2.712201 | H -0.279934  -3.405261  -3.507417 | C -4.703443 2.632216 0.919453
C -0.789996  -1.578746  -1.256705 | H -0.534893 0.084949 0.035878 | H -5.637318 2.432352 1.457491
C -3.139954  -0.399752  -2.062033 | C -2.858319 1562210  -0.468880 | C -2.603501 4.498212 0.014935
C -1.549860  -2.234809  -2.226823 | H 4522311  -3.165866 3.746426 | H -1.670425 4.718465  -0.517582
C -1.183425  -0.361551  -0.704247 | H 6.893999  -3.794653 3.344544 | H -2.957023 5.444335 0.441587
C -2.373744 0.254189  -1.087912 | H 7.922785  -3.423019 1.124318 | C -3.655428 3.197425 1.894083
C -2.734897  -1.605727  -2.618258 | H 6.585552  -2.418546  -0.719439 | H -4.025928 4.121079 2.354044
H -3.357830  -2.080334  -3.370911 | H 1.389901 0.203782 2.853668 | H -3.474102 2.486165 2.708416
H -4.078920 0.032756  -2.390878 | H 1.138108 2.398538 1.707748 | C -4.960295 3.654804  -0.204841
C 3.194869  -0.416644 0.034872 | H 2.159321 2.760869  -0.518751 | H -5.719916 3.271428  -0.896430
C 1.721502 1.609736 1.245204 | H 3.444644 0938177  -1.614482 | H -5.355970 4.586640 0.215845
C 3.028391 0.795290  -0.622307 | C -4.182142 1.319680 0.306527
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Table 3.10 Xyz coordinates of the syn- conformer structure of 1.

C -3.991842  -0.504438 -0.913535 H  -0.895290  -3.105292 0.140241 H 2.339777 2.221665 -1.522810
H -3.937695  -0.259399 -1.974434 H  -0.436176  -3.150497 1.831800 H 3.416894 1.156581 -2.403746
C -2.983143 0.373197 -0.101868 C  -3.675424  -1.960900  -0.631201 C 5.246959 0.698122 -0.402268
H -3.223596 1.425199 -0.267771 C -3.278238  -4.589307 0.187154 H 5.325423 -0.036022  -1.212571
C -4.123913  -1.119865 1.613294 C -3.357878  -2.930645  -1.572595 H 5.570095 0.196689 0.516815
H -4.183382  -1.388329 2.668132 C -3.770148  -2.298343 0.727882 C 3.722504 2.202950 0.896913
C -3.028877  -0.022524 1.386562 -3.572737  -3.609269 1.138099 H 4.004672 1.712518 1.835263
H -3.242300 0.828756 2.036816 -3.163700  -4.251461  -1.159328 H 2.696125 2.559148 1.029525

c
C
-1.548086 0.136045 -0.539068 C  -5420913  -0.549263 1.064809 C 4.306645 3.072050 -1.861675
C
C

C

C -1.621678  -0.519663 1.707250 -7.663342 0.439204 -0.257863 H 3.993174 3.556250 -2.793462
N -0.837948  -0.383882 0.552566 -5.353097  -0.228764  -0.300835 C 6.181697 1.885923 -0.688297
0 -1.239139  -0.962389 2.760696 C -6.606970  -0.373307 1.763247 H 7.208899 1.515535 -0.783330
0 -1.089907 0.342591 -1.634112 C  -7.731951 0.121621 1.095916 C 4.652121 3.394461 0.611576
C 0.550129 -0.736803 0.460703 C  -6.467680 0.266825 -0.961733 H 4.586438 4.110106 1.439285
C 3.230114 -1.313337 0.180291 C 3.780687 1.165976 -0.257844 C 5.755501 2.572709 -1.997917
C 1.459671 0.276978 0.192464 H  -6.414221 0.505318 -2.020013 H 6.427672 3.408645 -2.226010
C 0.947839 -2.074128 0.580161 H  -8.542344 0.815606 -0.771463 H 5.832594 1.867701 -2.834250
C 2.311720 -2.327143 0.443711 H  -8.665005 0.251240 1.635113 C 4.216734 4.077564 -0.698795
C 2.824502 0.015952 0.039214 H -6.664799  -0.630636 2.816758 H 4.851399 4.948526 -0.901969
H 2.664292 -3.350659 0.532598 H  -3.645764  -3.869658 2.189316 H 3.190083 4.451810 -0.604547
H 4.273118 -1.584883 0.077101 H  -3.128957  -5.617280 0.501476 C 6.099792 2.891170 0.473951

H 1.078647 1.285194 0.086272 H  -2.924517 -5.016181  -1.891243 H 6.781255 3.731741 0.297837

C -0.040434  -3.182659 0.814235 H -3.273165  -2.664995  -2.621784 H 6.419430 2.411866 1.406935

H 0.420533 -4.159559 0.656325 C 3.377119 1.878048 -1.579960
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Table 3.11 Xyz coordinates of the anti- conformer structure of 2.

pd (el e]

o o o o o o o O

T

-2.529973

-2.493097

-1.614029

-1.941035

-2.612048

-2.649242

-1.632863

-1.921979

-0.167546

-0.199581

0.562766

0.211672

0.276982

1.898090

4.402236

2.974325

2.058933

3.317687

4.229436

5.097372

1.213461

1.397044

2.240302

3.253338

0.742601

0.532874

1.934622

2.796164

2.057918

1.536389

1.612893

1.177835

2.220876

1.098692

-0.022087

1.954269

-0.273863

-0.872291

1.354750

1.978664

-1.242206

-2.316016

-0.484877

-0.724034

1.315288

2.384216

1.026255

1.630590

-0.913956

1.367125

0.191016

2.440167

-2.023297

0.083635

-0.122611

-0.167071

0.208807

0.111499

-0.263450

-0.455795

5.404690

-2.037821

-1.172454

-1.542003

-2.091279

-1.652116

-1.117847

-1.483091

-1.676743

-0.740292

-0.836020

-3.957720

-6.286176

-3.915509

-5.161550

-6.329170

-5.073684

-5.198339

-7.274872

-5.038731

-0.423160

-0.172752

-2.620352

-1.132836

-0.430487

-1.646994

-2.364236

-0.926518

-1.834639

-3.123585

-3.577660

1.126109

1.779178

1.371643

1.210187

1.536013

1.700094

1.011042

1.592599

1.882086

-0.206776

-0.870283

0.132300

-1.742094

0.508157

1.012577

-1.236350

-2.806146

2.081132

-1.913343

0.517044

0.731226

-0.649769

-0.650040

1.417284

0.720843

-1.340818

2.484232

1.250415

-2.411013

-7.197987

1.170801

2.771710

3.720906

2.126239

2.287505

3.435839

2.729633

3.187484

1.671609

2.800653

2.752203

3.198218

2.859395

1.684194

4.898938

5.454926

5.421801

4.938554

2.023579

-0.875025

3.433089

3.970930

3.847916

3.632006

-2.400889

-3.042603

-2.713943

-2.776837

-4.134133

-2.892685

-2.427638

-3.977793

-2.667062

-2.872000

-2.440485

-2.616883

-3.959729

-1.185548

0.366452

-0.351665

-0.326637

0.427847

-1.311664

0.218582

-0.997138

-1.933916

-1.031982

-0.947815

1.513464

2.396240

1.609810

1.522433

0.235525

1.072587

-0.690179

0.339743
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Table 3.12 Xyz coordinates of the syn- conformer structure of 2.

C -2.839058 0.019953 -1.040783 | H 5.460613 -0.396775 0.064767 | C -6.662334 0.173289 0.902136

H -2.781510 0.341737 -2.080732 | H 1.996477 2.134190 0.001022 | C -5.372434 0.571738 -1.105226

C -1.934904 0.925121 -0.141322 | C 1.327504 -2.406872 0.835145 | H -5.570901 -0.606372 2.595081

H -2.259298 1.962058 -0.248936 | H 1.878724 -3.331183 0.652996 | H -7.613761 0.185912 1.424278

C -2.970006 -0.783576 1432535 | H 0.458852 -2.401492 0.174412 | H -5.317389 0.891648 -2.141741

H -3.026380 -1.130878 2.464299 | H 0.947015 -2.425335 1.858534 | H -7.489726 0.931716 -0.932433

C -1.983753 0.429408 1.315234 | C -2.387627 -1.416078 -0.848616 | C 4.675175 2.260302 -0.463751

H -2.299875 1.208377 2.012203 | C -1.752459 -4.045327 -0.200859 | C 4.477796 3.415999 0.539432

C -0.474503 0.836255 -0.549087 | C -1.946485 -2.277969 -1.843206 | H 5.068845 4.286522 0.239765
C -0.545460 0.050370 1.654402 | C -2.481289 -1.857341 0.479724 | H 4.791223 3.120695 1.544427
N 0.253192 0.309403 0.529370 | C -2.166168 -3.169114 0.805644 | H 3.434225 3.733942 0.596025
o] -0.152129 -0.396543 2.701898 | C -1.633823 -3.600163 -1.515398 | C 4.183944 2.699604 -1.861641
o] -0.012304 1.149471 -1.616982 | H -1.858207 -1.928878 -2.867275 | H 4.739705 3.577251 -2.206150
C 1.668591 0.084519 0.452372 | H -2.241035 -3.509147 1.833767 | H 3.121264 2.951342 -1.856600
C 4.396053 -0.230794 0.170847 | H -1.301135 -4.283486 -2.290202 | H 4.325944 1.897630 -2.591012
C 2.474360 1.173767 0.146145 | H -1.512604 -5.074845 0.044819 | C 6.177743 1.948198 -0.552961
C 2.199245 -1.204021 0.600399 | C -4.302154 -0.298574 0.886378 | H 6.724101 2.841874 -0.866177
C 3.583647 -1.320846 0.476005 | C -6.592945 0.592700 -0.423621 | H 6.388299 1.164191 -1.285456
C 3.854399 1.041888 -0.023918 | C -4.233331 0.124767 -0.451063 | H 6.585245 1.633443 0.411869
H 4.036221 -2.300888 0.596124 | C -5.513414 -0.272782 1.563092
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Table 3.13 Xyz coordinates of the anti- conformer structure of 3.

(el e]

z

o o o o o o o o

2.611543

2.596984

1.768785

2.176677

2.633799

2.645379

1.745337

2.089958

0.320057

0.283435

-0.461191

-0.165696

-0.093795

-1.844676

-4.473391

-2.800372

-2.188718

-3.509836

-4.122988

-0.789349

-1.034548

-1.841385

-2.837182

-0.172054

0.097929

-1.449492

-2.250493

-1.802147

-1.144184

-1.368630

-0.747867

-2.055494

-1.020439

-0.240662

-2.007583

0.326871

0.740575

-1.580263

-1.172375

-2.234299

-0.362543

-0.542055

1.354845

2.410810

1.127606

1.784191

-0.812464

1.433103

0.262928

2477424

-1.916666

0.122151

-0.182190

-0.134746

0.222055

0.073712

-0.285641

-4.893012

-5.514527

1.994046

0.760216

1.346373

2.017774

1.396853

0.732099

4.003405

6.357220

3.992954

5.188372

6.368733

5.163006

-2.438672

-3.324918

-1.730454

-1.969841

-1.407411

-2.319176

0.041868

0.564678

2.896808

1.382351

0.905159

2.065870

2.555288

-0.518757

-1.266426

-0.839895

-0.578046

-0.950762

-1.215979

-3.463368

-4.095645

-3.776624

-3.656138

1.054788

-0.487701

-0.304492

-0.878232

-0.001016

-1.795390

0.482359

0.924274

-1.351989

0.807269

-0.479037

-0.558671

1.526946

0.877675

-1.202694

-0.268073

-0.186043

0.503707

-1.236617

0.408018

-3.885446

-2.960319

5.196272

7.298625

7.277482

5.146149

1.384775

0.272055

0.219192

1.296365

-4.496676

-3.823377

-4.701362

-5.441568

-4.826496

-4.385060

-5.779335

-5.044779

2.208697

2.768557

-0.337052

-0.994837

-1.554784

-1.469579

2.306929

3.805157

3.195961

1.095167

2.729953

2.558961

3.802792

2.226297

2.463417

2.111987

1.942174

3.530602

0.179353

0.360095

2.585801

1.435094

-0.976403

-2.258669

1.982111

0.336757

-2.061767

-2.841000

-1.131864

-1.975513

-1.067265

-1.355050

1.368643

2.304503

1.236429

1.472609
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Table 3.14 Xyz coordinates of the syn- conformer structure of 3.

¢

C 2.799245 1.170173 -0.242223 -4.088354 -0.264086 2.455571 -5.085977 0.385276 -2.084690
H 2.818220 2.240695 -0.448060 -5.652759 0.078454 0.601233 -4.480252 0.615059 -2.969530
C 1.701031 0.465559 -1.108845 -2.350389 0.276905 -2.125744 5.199714 2.097636 -1.467237
H 1.909387 0.662180 -2.162675 -1.368091 -0.436512 2.385929 7.147361 0.672602 -2.065656
C 2.771995 -1.379045 0.283569 -1.848155 -0.238536 3.346186 7.115040 -1.752572 -1.570697
H 2.763179 -2.444276 0.514732 -0.484607 0.199259 2.312348 5.133293 -2.776659 -0.470374
C 1.674872 -1.041606 -0.783234 -1.016308 -1.471272 2.383993 2.196763 -2.029772 2.989184
H 1.841585 -1.661070 -1.667400 2.489351 0.858537 1.209015 1.711895 -0.381847 4.788124
C 0.296534 0.968584 -0.806222 1.931873 -0.037134 3.783124 1.677173 2.040579 4.277450
C 0.265298 -1.314530 -0.283764 2.185971 1.779362 2.202700 2.157954 2.839451 1.971626
N -0.467764 -0.124385 -0.368155 2.490324 -0.514361 1.495445 -5.846716 -0.921690 -2.371595
0 -0.162859 -2.367016 0.119075 2.210586 -0.965135 2.777760 -6.495261 -0.810438 -3.246032
o] -0.104687 2.098206 -0.918409 1.912517 1.326176 3.495647 -6.476625 -1.202806 -1.522276
C -1.867909 -0.046585 -0.066998 4.074711 -0.911179 -0.336559 -5.157669 -1.748658 -2.560420
C -4.587233 0.051122 0.395838 6.283271 0.231135 -1.579809 -6.064115 1.553092 -1.881199
C -2.751521 0.161895 -1.123802 4.091696 0.464480 -0.616495 -6.678945 1.699189 -2.774401
C -2.318790 -0.202793 1.246009 5.155047 -1.711064 -0.679765 -5.533609 2.486046 -1.676593
C -3.701307 -0.146745 1.447719 6.265485 -1.133334 -1.301453 -6.744692 1.364771 -1.045707
C -4.128059 0.213067 -0.915563 5.191280 1.035618 -1.240695
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Table 3.15 Xyz coordinates of the anti- conformer structure of 4.

<

[elNe]

z

o o o o O O

2.017724

2.001449

1.183540

1.595923

2.043951

2.057059

1.163191

1.515631

-0.267011

-0.299408

-1.047524

-0.746478

-0.682428

-2.431309

-5.057889

-3.389557

-2.771941

-0.464757

-0.714873

-1.517786

-2.512208

0.164410

0.439461

-1.119914

-1.915676

-1.487278

-0.822812

-1.055548

-0.425591

-1.744375

-0.706273

0.082128

-1.690142

0.640361

-1.167345

-2.228082

-0.350161

-0.526965

1.356938

2.411572

1.138296

1.797067

-0.795557

1.448133

0.281293

2.492892

-1.898279

0.142665

-0.164959

-0.121587

0.250411

-4.093336

-4.710120

-5.480603

-6.096267

1.393994

0.157726

0.741744

1.419963

0.798054

0.126378

3.414244

5.770290

3.401550

4.602530

5.784038

4.572750

-3.030448

1.056283

-1.258612

-1.993755

0.376625

0.887395

3.221561

1.698798

1.234470

2.396230

2.872897

-0.174986

-0.904923

-0.502859

-0.218587

-0.582355

-0.870297

-3.146011

0.104504

-0.275835

-0.489031

-0.290810

-0.877701

-0.009062

-1.797132

0.481193

0.918883

-1.358089

0.806484

-0.485502

-0.557859

1.521700

0.869536

-1.204629

-0.261585

-3.917853

-2.322095

-2.562475

-1.988904

-4.472743

-5.273157

-3.621600

-4.831770

4.612254

6.716666

6.691564

4.554450

0.788681

-0.330454

-0.389681

0.689704

-3.777011

-3.463385

-3.335971

1.365286

2.508414

2.787228

3.166923

2.717242

0.028497

-0.613343

-1.185769

-1.128543

2.642936

4.131228

3.508878

1.406384

-0.180951

0.508583

-1.231126

0.439265

0.254825

-0.435788

0.067909

1.268460

2.579117

1.423248

-0.985224

-2.259417

1.975449

0.325376

-2.069934

-2.841189
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Table 3.16 Xyz coordinates of the syn- conformer structure of 4.

<

C -1.921286 0.628012 -1.168809 | C 4.400560 -1.199130 0.197127 | C -3.278721 0.900662 -0.546370

H -1.872754 0.880678 -2.228179 | C 4.903812 1.141351 -0.197843 | C -4.521644 0.740292 1.523296

C -0.905440 1.496515 -0.356811 | H 4.750038 -2.223050 0.291267 | C -5.649748 1.241589 0.866112

H -1.140265 2.550826 -0.516497 | H 6.371825 -0.430769 -0.147901 | C -4.396460 1.402666 -1.197075

C -2.039661 -0.005642 1.354246 | H 3.175973 2.427828 -0.166380 | C 5.880426 2.239648 -0.535072

H -2.093496 -0.281740 2407410 | C 2.043005 -2.052627 0.539364 | H 6.884291 2.012049 -0.168768

C -0.947276 1.094906 1130151 | H 2.503679 -3.028305 0.373320 | H 5.575251 3.196906 -0.105508

H -1.162189 1.942724 1.784394 | H 1.189607 -1.968782 -0.135754 | H 5.950934 2.378075 -1.619448

C 0.526964 1.253600 -0.800863 | H 1.645331 -2.029723 1.556430 | H -4.348601 1.649751 -2.253647
C 0.461639 0.601082 1.447160 | C -1.603860 -0.830590 -0.898815 | H -6.469536 1.951886 -0.990977
N 1.243038 0.741423 0.291088 | C -1.197902 -3.463833 -0.101397 | H -6.579742 1.367557 1.411439
0 0.847522 0.157276 2.498859 | C -1.290127 -1.793030 -1.848879 | H -4.573959 0.474555 2.575016
o] 0.978773 1.449035 -1.900256 | C -1.690196 -1.177426 0.458380 | H -1.555973 -2.759260 1.907758
C 2.632115 0.393587 0.199386 | C -1.488786 -2.491051 0.858106 | H -1.045584 -4.493830 0.204755
C 5.317976 -0.184356 -0.053058 | C -1.091459 -3.116403 -1.446097 | H -0.855463 -3.875570 -2.184801
C 3.543854 1.412936 -0.058403 | C -3.339556 0.569169 0.817034 | H -1.211571 -1.519576 -2.896530

C 3.032770 -0.942237 0.317381 | C -5.588130 1.570348 -0.485341
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Table 3.17 Xyz coordinates of the anti- conformer structure of 5.

(eI e]

z

O O O O O

-1.650599

-1.612872

-0.696040

-0.984796

-1.735296

-1.774315

-0.722021

-0.987634

0.741259

0.700597

1.464323

1.105387

1.184879

2.799827

5.336342

3.863743

0.472435

0.687089

1.443266

2.474360

-0.070793

-0.310530

1.100119

1.953716

1.221029

0.659230

0.741284

0.271497

1.386701

0.232440

-0.841139

1.097085

-1.159664

-2.227652

-0.378361

-0.588647

1.383715

2.446315

1.124640

1.750799

-0.816963

1.454896

0.278885

2.519979

-1.926254

0.165288

-0.084558

-0.113857

2.984982

4.259368

5.134469

4.406881

5.979739

6.335732

-1.197877

-0.375293

-0.720002

-1.252253

-0.836058

-0.315636

-0.658779

-0.862721

0.048939

-0.059404

-1.140154

-1.680623

0.527821

-2.749343

1.173083

-1.252467

-0.937868

-3.428632

-1.879942

-1.233890

-2.473285

-3.132812

-1.641435

-2.692213

-3.877264

-4.404199

0.312384

0.191594

-0.237034

0.305616

-0.456333

-0.183900

-0.831142

0.095872

-1.731999

0.539307

1.005872

-1.264431

-2.789203

2.068486

-1.965044

0.451664

-3.069802

-5.376551

-3.025915

-4.264471

-5.421268

-4.173282

-4.302538

-6.359888

-4.137048

-6.279857

2.124326

3.643339

4.584559

2.976113

3.177413

0.375542

1.172221

0.662210

0.489267

0.887511

1.062325

0.259878

0.969439

1.277701

1.474804

-1.771574

2.574262

3.124301

2.977498

2.770048

0.819468

-0.522046

-0.553815

1.517120

0.840459

-1.224754

2.577951

1.379292

-2.288688

-1.042178

0.504813

-0.298431

-0.250276

0.468383

-1.267567
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Table 3.18 Xyz coordinates of the syn- conformer structure of 5.

¢

C -1.612359 0.607705  -1.197538 3.493503 -0.432251 0.166101 | C -0.432144  -3.047055  -1.397819

H -1.600614 0.835681  -2.263470 4.878702 -0.565923 0.034964 | H -0.736172  -1.510779  -2.886593

O o o0

C -0.673051 1.588800  -0.420979 5.151232 1.815596 -0.235761 | H -0.857867  -2.640354 1.956263
H -1.012265 2.611152  -0.599150 | H 5.313628 -1.559880 0.079727 | H -0.139271  -3.800327  -2.122182
C -1.636045 0.028472 1.340505 | H 5.783789 2.681235 -0.399784 | H -0.210423  -4.365721 0.286508
H -1.650107 -0.226292 2.400324 | H 6.773251 0.400270 -0.269706 | C -2.990801 0.466384 0.810823
C -0.654098 1.218054 1.074518 | H 3.323230 2.957631 -0.159416 | C -5.338482 1.236351  -0.474287

H -0.933035 2.057596 1.715106 | C 2.603105 -1.630616 0.347159 | C -2.980593 0.768131  -0.560869

C 0.770694 1479408  -0.882874 | H 3.141874 -2.558299 0.147286 | C -4.171709 0.553607 1.534260
C 0.798123 0.857028 1.374948 | H 1.742698 -1.592211 -0.322677 | C -5.349379 0.938681 0.885826
N 1.548734 1.068847 0.209513 | H 2.209901 -1.673809 1.365292 | C -4.148262 1.154269  -1.203336
o] 1.237329 0.452157 2421286 | C -1.154341 -0.807714 -0.898632 | H -4.183726 0.313023 2.593215
o] 1.186823 1.689751  -1.993290 | C -0.472245 -3.365079 -0.042097 | H -6.277604 0.999094 1.445102
C 2.965209 0.863339 0.106747 | C -0.767513 -1.761364 -1.830757 | H -4.138524 1.379813  -2.265705
C 5.702109 0.538563  -0.163243 | C -1.183288 -1.125683 0.467725 | H -6.257812 1527149  -0.972593
C 3.777294 1.975065  -0.098591 | C -0.839497 -2.399496 0.898153

113



Table 3.19 Xyz coordinates of the anti- conformer structure of 6.

H 1.519795 2.486174 2.130317 | C 2.757345 2.965243  -2.458117 | C -3.306199  -2.259002 3.261431
C 1.873280 1.497830 1.854872 | C 3.655018 2779713 -3513762 | C -1.218497  -1.726473 2.204248
C 2.722976 -1.079115 1.142465 | C 3.594491 0.386317  -3.166705 | C -3.316048  -1.081863 1.127911
C 2.366263 0.622986 2.826227 | H 2.423794 3.963499  -2.190677 | C -3.991123  -1.657210 2.208005
C 1.822724 1.084297 0.530424 | H 4.025307 3.638780  -4.063675 | C -1.915587  -2.299470 3.261631
C 2.246773 -0.204822 0.175158 | H 3.907596  -0.615471  -3.446930 | H -0.134574  -1.734225 2.178046
C 2.787469 -0.657821 2472643 | H 4.761539 1.359812  -4.692265 | H -5.074261  -1.643382 2.228440
H 2.413145 0.939800 3.862757 | C 0.046786 1.040049  -1.192761 | H -1.375904  -2.768547 4.077273
H 3.162171 -1.334913 3.233461 | H -0.409593 1582371  -2.023493 | H -3.864947  -2.698815 4.081541
H 3.029847 -2.082762 0.864548 | C 0.514151  -0.373475  -1.589430 | C -4.038475  -0.432880  -0.036043
C 1.262661 1.870472  -0.640828 | H 0.329015  -0.607151  -2.639806 | H -3.791826 0.633237  -0.035915
H 0.937014 2.871347  -0.357735 | C -1.003221 0.822826  -0.112762 | H -3.619557  -0.831818  -0.967789
C 2.050414  -0.521060  -1.296706 | C -0.299015  -1.323820  -0.725497 | C -5.558525  -0.595950  -0.062133
H 2.389416 -1.523324  -1.560363 | O -1.607909 1.679392 0.482327 | H -6.034152  -0.123137 0.801670
C 2.287806 1.862016  -1.758766 | O -0.224389  -2.525635  -0.713915 | H -5.857647  -1.647981  -0.076208
C 4.070417 1.498067  -3.866995 | N -1.140616  -0.555521 0.094249 | H -5.971386  -0.123145  -0.956641
C 2.710803 0571432  -2.112713 | C -1.914565  -1.126871 1.158985
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Table 3.20 Xyz coordinates of the syn- conformer structure of 6.

H -2.114652
C -2.097291
C -2.003644
C -2.542642
C -1.616062
C -1.580364
C -2.489594
H -2.921335
H -2.827536
H -1.950824
C -1.083862
H -1.130185
C -1.010996
H -0.988278
C -1.849441
C -3.174909
C -1.806680

-1.948439

-1.264017

0.499454

-1.675418

0.027286

0.914491

-0.800748

-2.683645

-1.131420

1.177845

0.617166

-0.085004

2.270055

2.959777

1.899855

4.336248

2.794105

-1.167633

-0.324971

1.851720

0.932879

-0.489199

0.596644

2.015888

1.066668

2.992481

2.696619

-1.781377

-2.614625

0.229117

1.072615

-2.035894

-2.195972

-0.954256

-2.542186

-3.210613

-2.467625

-2.571463

-3.763435

-2.443566

-3.702697

0.394016

0.761369

0.437483

0.931304

1.325383

1.274748

1.650431

1.501762

1.748613

2.650286

2.225066

3.449814

4.011699

1.529161

3.706916

4.701254

5.282225

1.075164

1.555276

1.996105

2.946909

-0.079706

1.242290

-0.966458

1.589576

0.058828

-0.838256

-3.192862

-3.269447

-1.033925

-4.026458

-4.167442

-0.195578

-2.259763

-1.532298

-2.440553

-0.300164

-0.511905

-1.204128

0.724805

-1.953647

1.854740

0.125503

0.791324

4.465630

3.822431

2.349807

3.292872

4.732543

4.005600

3.100298

5.638458

5.166337

1.064412

0.261090

1.162284

0.631221

0.559805

1.315058

-0.353362

-2.450412

-0.290685

-2.204205

-2.988863

-1.092841

0.770516

-4.046701

-0.659235

-3.092644

-2.795617

-2.070178

-2.901331

-4.132358

-4.082318

-4.946026

-4.410557

2.131748

1.311912

0.938408

1.611314

1.987171

1.196939

1.744358

2.396883

2.655793

0.400081

0.544275

-0.684390

1.004502

2.094597

0.748152

0.619350
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Table 3.21 Xyz coordinates of the anti- conformer structure of 7.

H -2.490654 -2.405351 -1.810797 | C -4.262336 3.177104 -2.844766 | C 3.082411 -1.188811 0.940300
C -2.531232 -1.891241 -0.855246 | C -3.518658 3.379449 -0.549186 | C 3.757317 -2.307470 1.445960
C -2.589258 -0.563567 1.612452 | H -3.456763 1.509105 -3.958538 | C 1.934621 -3.770196 0.856080
C -2.851913 -2.588366 0.311647 | H -4.864362 3.539557 -3.671922 | H 0.244918 -2.797485  -0.059240
C -2.252742 -0.533243 -0.783302 | H -3.543579 3.895176 0.405989 | H 4.742912 -2.174649 1.879279
C -2.285226 0.132729 0.450411 | H -4.907992 4.724164 -1.498945 | H 1.490912 -4.759536 0.818455
C -2.878718 -1.928354 1538540 | C -0.387522 0.867933 -1.601961 | H 3.755576 -4.424251 1.804034
H -3.073875 -3.649671 0.260576 | H -0.044867 1517111 -2.409244 | C 3.732845 0.182467 0.995290
H -3.117371 -2.479128 2442398 | C -0.407684 1.560387 -0.224607 | H 3.082326 0.889294 0.474738
H -2.582803 -0.054216 2.570280 | H -0.010267 2.576399 -0.257798 | C 3.865790 0.663768 2.449917
C -1.827600 0.347404 -1.942021 | C 0.580682 -0.293966 -1.455054 | H 4.533373 0.010378 3.019898
H -1.821820 -0.183947 -2.893912 | C 0.485294 0.700457 0.660332 | H 2.891429 0.672516 2.938905
C -1.869271 1.586734 0.346418 | O 0.886033 -1.085304 -2.310080 | H 4.278722 1.676514 2.486503
H -1.891463 2.100423 1.307193 | O 0.677284 0.849151 1.840926 | C 5.085085 0.196409 0.264955
C -2.716297 1.573006 -1.941447 | N 1.028773 -0.323290 -0.125073 | H 5.815591 -0.453938 0.753882
C -4.285975 3.843511 -1.622009 | C 1.807563 -1.404982 0.405253 | H 5.502035 1.207879 0.254549
C -2.736180 2.244482 -0.709408 | C 3.201317 -3.580125 1.406077 | H 4.979203 -0.140584  -0.769415
C -3.472288 2.036332 -3.008830 | C 1.236704 -2.678168 0.361565

116



Table 3.22 Xyz coordinates of the syn- conformer structure of 7.

H -1.898826 -1.941260 2.007114 | C -3.144621 -3.434625 -3.611168 | C 2.303280 1.328580 1.729291
-1.989879 -1.028327 1.426897 | C -2.615027 -1.090020 -3.891964 3.280377 1.895555 2.556513
-2.209774 1.332900 -0.069551 | H -2.369101 -4.377393 -1.829157 5.048375 0.739662 1.391600
-2.560666 0.114470 1.990963 | H -3.622845 -4.338750 -3.974563 | H 4.395495 -0.500146  -0.247660
-1.554875 -0.991497 0.109276 | H -2.675838 -0.173884 -4.471853 | H 2.974316 2.573563 3.345801

-1.658506 0.192237 -0.636344 | H -3.775951 -2.248584 -5.289679 | H 6.099483 0.504208 1.265138

o o o o o o

-2.673551 1.286281 1.246674 | C 0.423038 -1.749049 -1.205450 | H 5.359404 2.064902 3.060433

H -2.915861 0.087327 3.015628 | H 0.829827 -2.572732 -1.796014 | C 0.831122 1.646800 1.929566

H -3.117579 2.170075 1.692543 | C 0.326260 -0.434316 -2.005013 | H 0.248032 0.960296 1.313409

H -2.282701 2.247855 -0.648621 | H 0.699881 -0.538389 -3.026168 | C 0.384777 1.422943 3.381998

C -0.995427 -2.156773 -0.687104 | C 1.384992 -1.456645 -0.065492 | H 0.904750 2.085240 4.079513
H -0.937136 -3.075892 -0.104121 | C 1.225109 0.547590 -1.266984 | H 0.565122 0.391017 3.693590
C -1.163839 0.046315 -2.063584 | O 1.716197 -2.214191 0.810014 | H -0.684759 1.620821 3.476089
H -1.242767 0.972236 -2.633611 | O 1.394842 1.709705 -1.537808 | C 0.517260 3.074718 1.454009
C -1.836151 -2.296962 -1.942723 | N 1.819094 -0.130078 -0.194539 | H 1.067248 3.814665 2.043687
C -3.230511 -2.258344 -4.351416 | C 2.750641 0.476819 0.713357 | H -0.550393 3.284108 1.561082
C -1.922642 -1.110770 -2.689048 | C 4.631216 1.610041 2.396571 | H 0.789363 3.198663 0.404990
C -2.441644 -3.458007 -2.402894 | C 4.101369 0.177038 0.546783

117



3.8.6 Balance Equilibrium Measurements

Table 3.23 Folding energies of CH-arene molecular balances in various solvents
upon equilibrium (kcal/mol).

1 2 3 4 5 6 7

CDCl3 0.31 0.30 0.23 0.11 0.07 -0.10 -0.13
CeD6 0.38 0.43 0.23 0.07 -0.09 -0.13 -0.13
CD2Cl: 0.35 0.25 0.20 0.09 0.02 -0.20 -0.22
CD3CN 0.41 0.30 0.25 0.03 -0.07 -0.20 -0.53
DMSO-d6 0.17 0.13 0.00 -0.14 -0.19 -0.29 -0.58
91% DMSO- 0.24 0.14 -0.04 -0.15 -0.20 -0.33 -0.63
d6:D20

78% DMSO- 0.20 0.17 -0.01 -0.15 -0.21 -0.45 -0.54
d6:D20

67% DMSO- 0.23 0.20 0.04 -0.15 -0.21 -0.37 -0.54
d6:D20
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Figure 3.15 ASASA between syn- and anti- conformers compared against AG. The
study was conducted in 7 different solvent environments: chloroform-3d (red), benzene-d6
(orange), dichloromethane-d2 (yellow), acetonitrile-d3 (green), dimethyl sulfoxide-d6
(blue), 91% dimethyl sulfoxide-d6/water mixture (purple), 78% dimethyl sulfoxide-
dé/water mixture (black), and 67% dimethyl sulfoxide-d6/water mixture (gray). The ced
values of mixed solvents were calculated based on the assumption that ced scales linearly
with the v/v % solvent composition.

3.8.7 Error Analysis

The NMR samples for this work were prepared by dissolving ~ 5 mg of purified
molecular compound in 0.2mL to 0.5 mL of solvent, giving an average concentration of 61
to 25 mM (assuming the average molecular weight to be 406 g/mol). NMR signals were
measured using the Mestrenova line fitting function to reduce the error in integration. The

error of the quantitative NMR analysis is considered to be 1% for concentrations >10 mM.

Therefore, the error for a 1:1 folded:unfolded ratio is 1.4% as both conformers have

a concentration greater than 10 mM. This error is equal to the square root of the sum of the

119



squares of 1% and 1%, which is only 1.4% (Equation 3.4). The minor conformers were at
no less than ~ 6.4 mM but no greater than 12 mM. It is safe to estimate the maximum error
for integration of the minor conformer is 2.5%, and the maximum error of the major
conformer is 1%, based on estimations from Rizzo et. al.?’ The total integration error for

each measurement was no more than 2.7%.

Equation 3.4 Error (ﬂ) - \/ (Error(syn))2+(Error(aml~))2

S
anti
The folding energies (AG) calculated also have some associated uncertainty
(Equation 3.5). This uncertainty was calculated to be no more than £0.016 kcal/mol at 23

°C.

Equation 3.5 Erroryg= -RTError([syn]/[anti])
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CHAPTER 4

DEVELOPING SCAFFOLDING MODULES FOR TEACHING

ELECTRONPUSHING FORMALISMS IN UNDERGRADUATE ORGANIC

CHEMISTRY
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4.1 Abstract

Teaching modules were developed with guided inquiry exercises on electron
movement curved arrow formalisms used in drawing reaction mechanisms. The design of
the modules was guided by a survey of exams from underperforming students in a first
semester undergraduate organic chemistry, and data from other studies. Students that
struggled drawing mechanisms typically have a poor understanding of where curved
arrows should begin and end and difficulty assigning formal charges. Therefore, we
designed a set of exercises focusing on the placement of the arrows, where predicting
formal charges was emphasized. In addition, we developed exercises that requires the
interpretation of curved arrows to predict the product of individual mechanism steps in a

reaction.

4.2 Introduction

For many undergraduate students, organic chemistry courses are infamous for
being extremely difficult, resulting in “weeding out” aspiring scientists, chemical
engineers, pharmacists, or physicians. The course has been cited as having up to a 30-50%
attrition rate,* hampering students' graduation rates and incurring extra financial cost. In
particular, many students find electron pushing formalisms (EPF) in reaction mechanisms

challenging.?

With this in mind, our goal was to develop learning tools to help struggling students
understand reaction mechanisms and EPFs. EPFs were introduced to the field of organic
chemistry in 1922 by Kermac and Robinson as an explanatory tool to understand valance
electron movements during chemical reactions.® Understanding the electron movements

makes it possible to explain and predict product regiospecificity, stereospecificity and
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reaction rates. However, the importance and utility of EPFs is not obvious to students first

learning organic chemistry.*

While much criticism is given to having undergraduate students merely memorize
organic chemistry concepts, memorizing step-by-step procedures is often the starting point
on the way to a deeper understanding of the content. Most students understand that doing
well in an organic chemistry course requires a comprehensive understanding of its
fundamental concepts. However, the memorization strategy often comes more naturally

and initially seems better suited to the rigorous pace of the course.

Scaffolding teaching strategies involve the intervention of an instructor to guide a
student toward understanding a concept. The instructor involvement is gradually
withdrawn as the student masters the concept.® Typically, scaffolding methodologies
involve breaking down a complex task into smaller, more manageable tasks guiding the
students to complete the tasks systematically until the overall task is completed.® Guidance
can be given as a step-by-step procedure, and/or administered through a series of guiding

questions.’

Therefore, the goal of this project was to develop scaffolding learning modules for
undergraduate students learning EPFs in reaction mechanisms. While there are simple rules
and step-by-step procedures for getting the correct answers for other problem types in
organic chemistry, it is difficult to find these for mechanism EPFs. One challenge is that
understanding mechanisms require mastery of multiple concepts in organic chemistry such
as valence electron theory, acid/base chemistry, nucleophilicity and electrophilicity trends,

and drawing and interpreting Lewis structures. However, enumerating every single concept
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in completing mechanism problems undermines the intention of developing a procedure

that is accessible and easily implemented by students.

We decided to develop exercises that focus on the most difficult or missed concepts
in mechanism EPFs. The modules are not intended as comprehensive solutions to drawing
mechanisms, but designed for students to improve performance on exams and give them a
foundation for gaining a deeper understanding of the fundamental concepts of mechanisms.
These exercises will be integrated into an online learning website designed for

undergraduate students (https://shimizu-uofsc.net/orgo/).
4.3 Data Collection

In order to ascertain which aspects of drawing mechanisms were the most
problematic, we analyzed a sample of exams to see which mistakes were most common for
mechanism problems (Table 4.1). A total of 34 end-of-course exams from a first semester
organic chemistry course (CHEM 333) at the University of South Carolina were selected
from > 200 final exams, using the criteria of exams with < 60% of the maximum possible
score, i.e. failing grades. The mechanism section was analyzed for the type of errors made
by students. The errors were divided into nine categories. If an error was repeated in the

same exam, it was still counted only once in the tally.
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Table 4.1 Types of errors in the mechanism section of 34 failing grade final exams.

rules

exceeds the maximum valency of an
atom.

Error Type Error description and example Error prevalence
Missing arrows | Arrows necessary to take the reactants or 44%
intermediates to the next step of the
reaction mechanism were missing.
& /0
; 7~0H Z y
Misidentify A curved arrow begins from the wrong 47%
electron source place in the mechanism, but ends in the
correct place.
,\\\ N\ : \\‘\ !k\ ‘/» \
¢ S~ :
by )
oS\ 2 OW
Misidentify A curved arrow begins at the correct 35%
electron sink place, but ends in the wrong place.
Arrow direction | Arrow goes in the wrong direction 44%
reversed between the correct electron source and
sink.
Product break octet | Product or intermediate with an atom that 32%
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blank.

Incorrect formal | Incorrect formal charge is assigned to an 53%
charge atom in the mechanism.
|of
Incorrect product Arrows are correct, but the product is 41%
different from what the step would
produce.
0 -
o
Unrecognized Attempted to do radical mechanisms 15%
radical mechanism | using full headed arrows, demonstrating
the students did not recognize it as a
radical mechanism.
A < P f Py
Missing answer | Left at least one mechanism problem 32%

The most common error observed was the inability to identify the formal charges
of intermediates. The second most common error was incorrectly identifying where arrows
begin and end. Interestingly, problems with radical mechanisms had some of the lowest
error rates. One reason for this could be that radical reaction mechanisms are typically

presented in a step-by-step scaffolding process of initiation, propagation, and termination

and thus easier for students to learn initially and retain.
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4.4 Structure of Step-by-Step Process for Mechanisms

To address these common errors, a guided inquiry module that breaks down the
mechanism EPFsproblems into a series of questions that focus on accurately drawing the
curved arrows was developed. Focusing on the final product as opposed to rationalizing
the individual electron movements in a mechanism has been shown to be a major obstacle
in learning mechanism EPFs.2 Many mistakes come from drawing electron movements to
what students think will provide the correct product, without confirming whether the
individual curved arrows and intermediate structures are valid in the specific contexts. This
is supported by studies showing that students are more likely to draw correct curved arrow

formalism when the final product is not shown.®

The modules focus on drawing electron movements. Students were provided
reactants, reagent, and products for a step of a mechanism and were asked to draw the
missing arrows. To guide students, the instructions first asked to identify the covalent
bonds that were broken and formed during each step, and only then to draw curved arrows
to show the movement of electrons. The curved arrows were classified into three
categories: lone pair to bond, bond to bond, and bond to lone pair to help students
conceptualize them more easily. Students were then instructed to draw arrows connecting
the breaking and forming bonds with electron sources and sinks. This was included since
assigning appropriate formal charges is a common error in exams To aid students in where
to start and end with the arrows, they were asked to consider atoms which charges change
during the mechanism step. Atoms which became more positive should be considered to
be the electron source, whereas atoms which became more negative should be considered

electron sinks. Furthermore, students are advised that multiple arrows in a single step
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should point in the same direction. In each exercise, a "things to think about™ commentary
was provided to encourage a deeper understanding of the individual concepts and their
application. This was intended to move beyond simple memorization to a more holistic

understanding of the topic.

Draw the mechanism arrows for the following mechanism step. Note that this is a one-step Sn2
mechanism.

O+ /K - %< PSS

Identify all the atoms which change formal charge.

—:@+Br/k > %ﬂ<+8§

More positive More negative

- ldentify all the bonds that were broken and identify all the bonds formed.
Broken

Q}] Made o
—:@ + Br/k > %@< + Br

- For each of the broken bonds, identify where their electrons went.

o L
— +BFU : %< +Br@

Electrons in bond become lone pair electrons on bromine

- For each of the new bonds in the products, identify where their electrons came from
in the reactants.
Electrons in bond came from lone pair on alkyne

+ BI'/k » —(:ﬂ + Br@

- Draw all curved arrows and check that they:
e Follow a head-to-tail pattern.
e Start and end at the atoms that change charge.

'R

J

Y

_< S
— + Br

Things to think about:
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1) What is meant by saying that Sn2 reaction mechanisms are concerted? How is this

demonstrated in this problem?

2) Which is a more stable base: the acetylide anion or the bromate anion? Hint: if you were to

protonate both of them, which one would form the more reactive and unstable acid?

3) Which bond is more stable: a C-C bond or a C-Br bond? Hint: which one is longer? How does

bond length correlate with bond stability?

4) Why does the charge of the atom where the arrows begin in a mechanism step become more

positive? Why does the charge of the atom where the arrows end become more negative?
Figure 4.2 Example of mechanism problem where students are asked to draw in formalism
arrows.

A complementary set of problems was created in which reactants, reagents, and
curved arrows were given, and students were asked to draw the products. These types of
problems should be introduced only after students have completed the first module to
prevent them from focusing on producing the desired final product. Students are instructed
to identify curved arrows corresponding to show bond breaking and then to identify curved
arrows that show bond forming. For each arrow, students are guided to identify where the

electrons came from and which bonds are going to form lone pairs.

Draw the product given the curved arrows in the mechanism step. This is the first step in a
Grignard reaction.

o m/\)\
~8I >

- Does curved arrow A show bond breaking, bond forming, or both?
- Does curved arrow B show bond breaking, bond forming, or both?

0 > Bng/\)\ 10
/@Kﬁ - /\/}\/\(

- Draw products that show structures with the newly formed and broken bonds.

(’om/\)\ O@ ®
A~ > /\/f\/\( MgBr

- Assign formal charges to the atoms at the beginning and end of the flow of arrows.
The atom at the beginning should become more positive and the atom at the end
should become more positive.
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Things to think about:
1) What allows the carbon in the Grignard reagent to behave as a nucleophile?
2) Describe the stereochemistry of the product. Will there be a single enantiomer or will it be a
racemic mixture? Hint: is there anything that would prevent or promote the Grignard reagent
attacking from one side of the nucleophile over the other?
3) What is the next step in this reaction mechanism? Hint: what can we introduce to help
stabilize the negative charge on the oxygen?
Figure 4.3 Example of mechanism problem where students are asked to draw in the
products of a mechanism step.

4.6 Conclusions

Step-by-step procedure systems were developed to create systemic frameworks that
struggling students can use to perform mechanism EFP problems from which they can then
gain a deeper understanding thereof. We plan to release the procedure and practice
problems to the public via our teaching website. We will be looking forward to receiving

feedback and thus looking for opportunities to improve our system.
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CHAPTER 5

FUTURE RESEARCH
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5.1 Abstract

This chapter outlines future research plans pertaining to the hydrophobic and
solvophobic catalytic effects on the Diels-Alder reaction, with the goal of developing
research projects for undergraduate students. Solvophobic effects will be used to guide the
stereoselectivity and regioselectivity of reactions. In addition, future research in using
molecular torsional balances to study solvophobic effects will be outlined, that builds on

data and lessons learned from earlier generation balance systems.

5.2 Solvophobic Effect Catalysis and Selectivity in Diels-Alder Reactions
Solvophobic and hydrophobic effects typically favor products with smaller surface
areas to limit weaker solvent-solute interactions and maximize stronger solvent-solvent
interactions. This strategy has been employed to modulate the diasteroselectivity and
regioselectivity of various reactions.! Due to these attractive characteristics, researchers
are interested in utilizing solvophobic effects for reactions to enhance the reaction rates
and control product selectivities to synthesize organic sterically strained molecules without
the use of extreme reaction conditions or catalysts. Hydrophobic and solvophobic effects
can catalyze Diels-Alder reactions by stabilizing diene-dienophile interactions. For
instance, the reaction of 3-buten-2-one and 5-methoxy-1,4-naphthoquinone with
cyclopentadiene is 290 times and 12,8000 times faster in water than in aprotic solvents
(Figure 5.1).2 The increased reaction rates are attributed to the association of the reactants
driven by the hydrophobic effect. Solvophobically accelerated reactions can be
advantageous as they are often run under mild conditions without acid, base, or catalysts

and enable reactions to be performed at lower temperatures, promoting environmentally
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friendly chemistry by reducing the need for additional energy or solvents in the workup to

remove catalysts and reactants.

relative rate constants
OH
F F

aprotic F F F F H,O

0 1
- @ . oﬁ (CHLCN) 100 290

5

o
- ! 4320 128000
(n-hexane)
0. O

O\ D > @L b ! 5.49 44.3
(toluene)

Figure 5.1 Relative Diels-Alder reactlon rates in non-polar and polar solvents. Data from
Otto et al.?

5.3 Modulating Reactions Using Solvophobic Effects to Form Sterically Strained
Groups

5.3.1 Stereoselectivity

We aim to use solvophobic effects to promote the formation of sterically strained
products. Bulky substituents such as t-butyl groups normally display strong steric effects
and thus molecules which have multiple t-butyl groups in close proximity are strained and
less stable. However, large bulky substrates also form strong solvophobic interactions in
polar solvent environments and can exhibit strong dispersion stabilization forces.>® The
combination of these forces provides a strategy for synthesizing molecules where these
groups are positioned near one another.® This project is designed to provide an educational
research experience for undergraduate students through exposure to organic synthesis,

molecular characterization, and data analysis. The aim is for the students to present their
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findings to the general and scientific communities. The projects were designed to fit into

and obtain results within a semester.

A series of reactions were designed to use the solvophobic effect to drive the
diastereoselectivity in favor of the less favored, sterically crowded products. The polarity
of a solvent has been shown to effect the diastereoselectivtiy of Diels-Alder reactions.” A
maleimide, containing a bulky alkyl group such as ethyl, t-butyl , oradamantyl, will be
synthesized through the thermal condensation of maleic anhydride and a substituated
amine. The maleimide will be utilized as a dienophile in Diels-Alder reactions with 2-t-
butyl anthracene (Figure 5.2). The diastereomeric products were modeled and are
confirmed to have ASASA values similar to the balances mentioned in Chapter 3 (Table
5.1). The reactions will be performed in solvents of increasing polarity (toluene, n-decane,
acetonitrile, and DMSO) with the aim of modulating the solvophobic interactions of the
reactants. Once the mixture of products is isolated, *H NMR NOE experiments will be
conducted to assign the diastereomers and measure the anti-/syn- ratio. As the cohesive
energy density of the solvent increases, the expectation is that the diastereoselectivity will

shift in favor of the syn- product.

R
— Diels-Alder

Y

133 R i et vary solvent cohesion 2a: R = et 3a:R = et
1b.. R = t-bu 2b: R = t-bu 3b: R=tbu
1c: R =adm 2c: R = adm 3c: R=adm

diastereomeric excess
anti- = syn-
solvent cohesion —>

Figure 5.2. Controlling diastereoselectivity to favor syn- or anti- addition of sterically
bulky maleimide substrates by altering solvent environment and solvophobicity.
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Table 5.1 Calculated SASA and A SASA (A?) of proposed molecule series 2 and 3
(equilibrium geometry optimized by density functional theory, B3LYP-D3, 6-311+G**).

a b C
SASA 2 203 209 229
SASA 3 197 213 224

A SASA (2-3) 6 4 5

Furthermore, the diastereomeric ratio can be utilized to estimate or measure the
strength of the solvophobic interactions. The change in the syn- and anti- diastereomeric
ratio can be used to calculate the solvophobic interaction energy (AG) using the Gibbs free
energy equation. We expect a strong correlation between the solvophobic interaction
energy and the solvent ced as seen in other experiments. The diastereoselectivity of the
reactions will be compared to a reaction with a control dienophile, 2-methylanthracene,
containing a smaller methyl group to minimize the solvent accessible surface area. The AG
from the control reaction can be subtracted from the AG of reactants with larger groups to
derive a AAG energy, removing any intrinsic or innate biases of the maleimide-anthracene
Diels-Alder reaction. Advantages to this approach in measuring the solvophobic
interaction are that we can measure the effects of solvophobic interactions on a kinetic

process using a simple reaction.

The project is inexpensive, straight-forward, and can be accomplished by one or
two undergraduate students over a period of a few months using laboratory equipment and

instrumentation commonly found in most undergraduate laboratories. The proposed
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reactions do not require a catalyst and the starting materials are commercially available and
affordable. Diels-Alder reactions have been performed in a wide range of solvents. If the
reaction is slow, the reaction can be performed in a medium-pressure tube vessel to carry
out reactions above a solvent's boiling point. Finally, the products can be isolated through
precipitation or column chromatography and the diastereomeric ratio can be easily

analyzed with *H NMR as demonstrated in similar work.

5.3.2 Regioselectivity

The second future research proposal uses solvophobic effects to influence the
regioselectivity of Diels-Alder reactions of asymmetrical p-benzoquinone derivatives as a
cost-effective project for undergraduate researchers. p-Benzoquinone features two reactive
dienophile sites, which have enhanced reactivity due to the adjacent strong electron donors.
Usually, attaching large groups on one alkene shifts the regioselectivity towards the less
hindered unfunctionalized alkene.’®*? Additionally, dicycloaddition products are not

formed under mild conditions.?

1,3-Cyclohexadiene was chosen as the diene (Figure 5.3). It is commercially
available and more reactive since the diene is locked in the cis- position. The hydrocarbon
framework also enhances solvophobicity of the product and transition state structures. The
reactions should proceed at room temperature over several days. The reaction mixture will
be purified using flash column chromatography, as outlined in previous literature.** The
reactions will be conducted in solvents of varying polarity, such as toluene, n-decane,
acetonitrile, and DMSO. The population of the isomers will then be analyzed using *H

NMR and GC-MS. We expect that solvents with higher solvent cohesion will raise the
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overall yields and shift regioselectivities in favor of the more sterically crowded isomers.
The possible products have been modeled and were confirmed to have ASASA values

similar to the balances in Chapter 3 (Table 5.2).

R ? "
2 R2 R2
e S—
R4 Diels-Alder +
0] vary solvent cohesion R4 R
O 0

4a: Ry =t-bu, R, = t-bu 5a: no reaction 6a: Ry = t-bu, R, = t-bu
4b:Ry=H, Ry =me 5b:R;=H,Rp;=me  6b:Ry=H,R,=me
4c: Ry =me, R, = i-pr 5c: Ry =me, Ry =i-pr 6¢c: Ry =me, R, = i-pr

Minimal product ratio Minimal
sterics | solvent cohesion —=> | SASA

Figure 5.3 Controlling the regioselectivity of Diels-Alder reactions between 1,3-
cyclohexadiene and p-benzoquinone derivatives using solvophobic effects. Symmetrical
compound 4a is a control designed to form little to no product due to steric strain.

Table 5.2 Calculated SASA and A SASA (A?) of proposed molecule series 5 and 6
(equilibrium geometry optimized by density functional theory, B3LYP-D3, 6-311+G**).

b C
SASA 5 125 140
SASA 6 118 138

A SASA (5 - 6) 7 2

This project serves as an introduction to chemical research for undergraduate
students using commercially available, inexpensive compounds. It also employs simple,

safe reaction conditions with results attainable within an undergraduate semester.
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5.4 Future of Alkyl-Alkyl Interactions with Focus on Past Experiments

During the course of the studies in this dissertation, several research projects were
embarked on, but for various reasons, were not completed or realized. The preliminary
results from one of these projects will be presented with the purpose that they could be
either completed by future research group members or that the results could help guide

future research projects.

An issue experienced throughout the experiments in Chapter 2 was the uncertainty
in the geometries and orientations of alkyl chains in the folded conformation of the
balances, particularly with longer alkyl chains. Larger alkyl chains have more flexibility
and degrees of freedom that may reduce the probability of forming alkyl-alkyl interactions.
Also if the chains are not perfectly parallel, the alkyl groups will have increasing difficulty

in maintaining contact as the length of the chains increases.

To address the challenges in measuring the interaction for chains of varying length,
particularly with longer alkyl chains, the development of molecular torsional balances with
linkers that can template the formation of the weak solvophobic interactions of interest was
undertaken. The design incorporated aromatic linker groups for the pendant alkyl chains.
We hypothesized that the aromatic linkers would promote the association of attached alkyl
chains, via templation by aromatic-aromatic interactions between adjacent linkers.>’ This
balance system could also be modified to form and measure aromatic-alkyl interactions
also.®1° The aromatic linkers were incorporated into the balances through a series of steps.
First, the alkyl chain 1-decanol was coupled to 2'-nitro[1,1’-biphenyl]-4-carboxylic acid

through a DMAP catalyzed esterification. Next, the nitro group was hydrogenated and the
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amine was thermally condensed with maleic anhydride to form a maleimide. A Michael
addition of the maleimide with 3-fluoro-4-(sulfanylmethyl)benzoic acid was performed to
form a thioether. Finally a second 1-decanol alkyl chain was attached via esterification
(Figure 5.4a). To synthesize the balances to measure alkyl-aromatic interactions, a
Michael addition was performed to attach 1-decanethiol or 1-pentadecanethiol directly to
the maleimide (Figure 5.4b). The design also allowed for the retention of the fluorine tag

on the alkyl and the aromatic-aromatic balances, even though its position had changed.
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1-decanol

EDCI O H, O
___DMAP Pd/C

—_——
NO " acetonitile NO O o methanol NH O o
2 10 h, 23 °C z ™9 1 50psi ’ P’
76% yield © 97% yield ©
3-fluoro-4-(sulfanylmethyl)benzoic acid
maleic anhydride_ triethyl amine -
9h,100°C b .
64% yield o0 O e 1sehrjzzesn ?C
v 9 83% yei
= o) o yeild
1-decanol O .
EDCI
OH
DMAP O
DMAF N o)
acetonitrile Oy ¥© H/g 0
10 h, 23 °C = o
76% yield s
F
o
d Mg
c) HO S S S S
1-pentadecane thiol O 1-decanol
triethyl amine HS TN
O\M/ benzene oN o O o 1-decane thiol
9 48h,23°C \‘(:( L HE
29% vyield H © 1-pentadecane thiol
Ox-0
Lo
1-decane thiol ~
tr|eé)thyl amine maleic anhydride
o enzene N
My 4sn23c O W Q sH
70% yield 7 S HO

F
3-fluoro-4-(sulfanylmethyl)benzoic acid

Figure 5.4 Synthesis of aromatic linker balances contain design elements that maybe useful
in future systems: a) synthesis of aryl-aryl linker balance, b) formation of alkyl-aryl linker
balance starting from maleimide intermediate, c) list of the reaction reagents.

The sensitivity of the fluorine tag positioned on the pendant linker was able to
differentiate between the two conformers in the decoupled '°F NMR spectra. However, we
could not assign conformation to **F NMR signals since the study was undertaken before
the pre-equilibrium data from Chapter 2 was collected. Additionally, preliminary results
from the aromatic linker balances did not show significant changes in folding ratios as was
observed for studies of other non-covalent interactions.'® For example, the folding energies

were between -0.06 to -0.21 kcal/mol in chloroform-d and -0.51 to -0.74 kcal/mol in
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acetonitrile (Table 5.3). This led to the initial conclusion that the balances were not
forming a good solvophobic interaction, and as a result, the design was abandoned, and the

full characterization of the balances was not undertaken.

In retrospect, the alkyl-alkyl interactions were probably formed in this aromatic
linker balance system, and if anything, the interactions were slightly more favorable than
in the balances described in Chapter 2. This suggests the strategy of utilizing supporting
interactions to promote weaker, non-covalent interactions is viable. Furthermore, the
model suggests that it is possible to position the fluorine tag on different parts of molecular

torsional balances and still generate consistent accurately measured folding ratios.

Table 5.3 Folding energies of unpublished molecular balances in chloroform-d and
acetonitrile-d3 relative to balance 1a from Chapter 2.

Balance entry AG in chloroform-d AG in acetonitrile-3d
(kcal/mol) (kcal/mol)

F -0.14 -0.51
Q\OJ(J%

l1a (Chapter 2)
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-0.21 -0.63

-0.08 -0.71

-0.06 -0.74

5.5 Conclusions

Two research projects have been developed which utilize the solvophobic effect to
influence the diastereoselectivity and regioselectivity of Diels-Alder reactions. The
projects are designed to serve as an introduction to chemical research for undergraduate
students and can be easily accomplished at mid and small sized universities. Finally,
previous unpublished molecular balances prove the merit of using interaction templates to

assist in measuring weak interactions.
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5.6 Computational Model Coordinates

Table 5.4 Xyz coordinates of the structure of 2a.

o o o o T O O T T I O O O O O O T

3.245600
2.936883
2.109738
1.642365
3.825367
3.414202
1.229526
4.836964
4.108329
1.779685
0.538138
0.876069
-0.231979
-0.543101
-0.498673
-1.114181
-0.091246

-1.180694

-1.576973
-1.235883
-0.404758
-0.773906
-1.275172
-0.862883
-0.354834
-1.634413
-0.902863
-0.103326
-0.730121
-1.044614

0.045636

0.376705

1.071953

2.598478

0.648538

2.271345

-0.616034
0.366262
2.915066
0.568127
1.442799
2.709493
1.841667
1.291853
3.541241
3.903059

-0.471295

-1.458435
1.893476
2.883820
0.806450

-1.489632

-0.466681

0.931832

c
c
H
H
H
c
H
c
H
c
c
H
H
H
c
H
H

-1.477947
-0.396833
-1.506321
-2.023937
-0.103050
-0.616374
-1.430892
-1.055407
-2.120634
-1.526568
-2.513609
-3.411241
-2.064299
-2.818210
-2.223101
-3.151813
-2.482112

3.027852
1.394304
2.616845
3.952864
1.017116
-1.666989
-1.643971
-1.221374
-0.988713
3.331329
2.432832
2.232605
1.472130
2.925321
4.672928
4.540595
5.157990

-0.209831
-1.591382

1.907647
-0.082257
-2.564629

0.037102
-0.688729

1.449858

1.500932
-2.777801
-3.561638
-2.969979
-3.823991
-4.490286
-2.493532
-1.931722
-3.438382

r r r 6O r T O O O zZ2z O O T T T O =T

-1.575807
-0.287886
0.220454
0.434073
-0.587907
-0.154881
-0.782419
-0.283740
0.271149
-0.962902
0.192695
-0.299689
-0.136126
1.714636
2.038852
2.185013
2.053839

5.354477

3.609312

2.688551

4.236721

4.127597
-3.104977
-2.426636
-3.453573
-3.837387
-2.504749
-4.732098
-4.878631
-5.510453
-4.732701
-3.917821
-4.605562
-5.678641

-1.935017
-3.658157
-3.953075
-3.129061
-4.573985
0.202431
2.339182
1.541486
-0.661860
3.532320
2.070269
3.031733
1.379018
2.211595
2.862418
1.235234
2.641021
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Table 5.5 Xyz coordinates of the structure of 3a.

o o o o T O O T T T O O O O O O T

0.533165
0.420110
0.122650
0.593538
0.088009
-0.061386
0.447496
-0.059762
-0.325333
0.001822
0.936110
1.030543
0.665167
0.537351
-0.247064
-1.649660
-0.095375

-1.099631

4.337625
4.283010
4.135141
3.074038
5.424958
5.351040
2.999953
6.369425
6.239267
4.074706
1.742995
1.802307
1.602217
1.540569
0.654570
-1.122680
0.723038

-0.291754

-1.737863
-0.660028
2.124494
-0.000239
0.074790
1.458239
1.393965
-0.436687
2.020761
3.200965
-0.644129
-1.728044
1.944680
3.024857
1.191348
-0.494854
-0.200494

1.735779

r r O T T T O O T O T O T T T O O

-1.799778
-0.776981
-1.210776
-2.459240
-0.610134

2.125733

2.838965

2.289230

3.084645
-2.370344
-1.325162
-0.746148
-0.626136
-1.828742
-3.325790
-2.794570
-3.817303

-1.163921
-0.156724
-0.371303
-1.891321
-0.104022

1.195439

1.822043

1.286225

1.968228
-2.097816
-2.961481
-3.562395
-2.350622
-3.640951
-3.048163
-3.682725
-3.708869

0.894583
-1.026353
2.811682
1.348715
-2.096567
1.538154
2.075555
0.002793
-0.300895
-1.444145
-2.187185
-1.482609
-2.762894
-2.881817
-0.699177
0.015612
-1.418743

r r r 6O r T O O O zZ2z O O T T T O =T

-4.106291
-3.198928
-2.570670
-3.941763
-3.723274
2.408909
2.660387
2.722728
2.362389
2.856540
2.974976
3.780954
3.318502
1.724234
1.417937
0.899131
1.929019

-2.502814
-1.304504
-0.660282
-0.674866
-1.995594
-0.262947
-0.123451
-0.931457
-0.779218
-0.507668
-2.370976
-2.523575
-2.671937
-3.144544
-2.859932
-2.940030
-4.218252

-0.161781
-2.479459
-3.098658
-1.982827
-3.146346
1.874636
-0.435320
0.693723
2.967375
-1.566290
0.626069
-0.093941
1.616317
0.211028
-0.796028
0.896514
0.220740
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Table 5.6 Xyz coordinates of the structure of 2b.

<
LY
¢

C -0.662197 -0.051356 -2.489160 | C -2.684752 -0.981286 -4.131201 | C -1.472466 -0.303131 -6.256415
C -0.317197 1.251245 -0.442335 | H -3.485069 -1.356408 -4.758190 | C -0.203198 0.426123 -6.731981
C -1.749020 -0.729094 -0.415630 | C 0.757900 -0.969714 -0.703465 | H 0.706679 -0.101561 -6.433395
C -1.447023 0.653265 0.135028 | H 1.323701 -1.613585 -1.378225 | H -0.153655 1.447187 -6.343667
C -1.804169 -0.627099 -1.923129 | C -0.500128 -1.643118 -0.140303 | H -0.203019 0.486998 -7.823724
C 0.371498 0.359092 -1.458086 | H -0.691586 -2.632764 -0.555454 | C -2.697735 0.469563 -6.797585
H 1.255848 0.822234 -1.894038 | C 1.599188 -0.659102 0.523379 | H -3.635678 -0.037119 -6.561068
H -2.645745 -1.170718 0.018210 | C -0.258935 -1.762599 1.351124 | H -2.635641 0.558917 -7.886578
C -2.179442 1.325217 1.104271 | O 2.684329 -0.123241 0.496581 | H -2.743514 1.476247 -6.373789
H -3.045038 0.852848 1.556799 | O -0.989685 -2.361114 2.105374 | C -1.465673 -1.726814 -6.859184
C -1.793679 2.614033 1.482186 | N 0.905793 -1.051194 1.678428 | H -2.372575 -2.280205 -6.603817
C -0.676685 3.212056 0.901287 | C 1.327401 -0.588399 3.046397 | H -0.609962 -2.301074 -6.493835
H -0.383026 4.211815 1.200180 | C 0.338619 -1.050792 4.140163 | H -1.402017 -1.675475 -7.950670
C 0.073959 2.525740 -0.056914 | H -0.668196 -0.698840 3.908631 | H 1.660312 1.343452 4.002703
H 0.955804 2.979905 -0.495072 | H 0.289711 -2.139343 4171232 | H 0.655640 -0.662502 5.114814
C -2.814620 -1.100013 -2.748737 | C 1.337845 0.959006 3.028315 | C 2.720858 -1.123571 3.386735
H -3.700007 -1.561517 -2.323188 | H 0.332250 1.314688 2.788304 | H 3.443259 -0.757319 2.648350
C -0.538531 0.060744 -3.870490 | H 2.007696 1.320253 2.249040 | H 2.705407 -2.219340 3.370369
H 0.359251 0.510110 -4.275495 | C -2.367463 3.149272 2.230206 | H 3.011444 -0.777170 4.385124
C -1.555129 -0.398970 -4.722456

147




Table 5.7 Xyz coordinates of the structure of 3b.

¢
¢

C 0.142522 -0.677856 -3.420162 | H -0.698768 -0.930227 -6.695059 | H -3.801496 1.941938 3.047239
C 0.372003 0.597749 -1.339567 | C -1.821264 -1.771885 -5.066046 | C 2.550989 -1.125506 -0.500352
C -0.848201 -1.515704 -1.356550 | H -2.584475 -2.194601 -5.710118 | C 0.787001 -2.317567 0.406188
C -0.693748 -0.118086 -0.786509 | C 1.669619 -1.488979 -1.683828 | O 3.619552 -0.569620 -0.595765
C -0.928404 -1.394831 -2.862721 | H 2.255994 -2.066607 -2.399366 | O 0.129533 -2.925452 1.221284
C 1.137187 -0.186098 -2.388629 | C 0.498370 -2.275560 -1.081317 | N 1.906906 -1.523171 0.682329
H 1.963924 0.377040 -2.819914 | H 0.415775 -3.294309 -1.462147 | C 2.304676 -1.183327 2.097318
H -1.687982 -2.058201 -0.922919 | C -2.165365 2.407277 1.707429 | C 1.068571 -0.606190 2.815551
C -1.491242 0.438152 0.202711 | C -2.921227 3.576899 1.036797 | H 0.711194 0.283203 2.292461
H -2.297598 -0.157758 0.608856 | H -2.231510 4.329095 0.646279 | H 1.356271 -0.318076 3.829578
C -1.258725 1.740985 0.660484 | H -3.584237 4.065408 1.757704 | H 0.258564 -1.328939 2.879138
C -0.181487 2.443551 0.099836 | H -3.527725 3.216363 0.201314 | C 3.405775 -0.112265 2.125868
H 0.027113 3.455151 0.426659 | C -1.314927 2.945051 2.878375 | H 3.098573 0.785997 1.588549
C 0.635463 1.881958 -0.882889 | H -0.586611 3.689628 2.550606 | H 4.341404 -0.460178 1.695409
H 1.466887 2.446691 -1.290630 | H -0.768111 2.133350 3.365229 | H 3.574913 0.153125 3.172337
C -1.906207 -1.945136 -3.681163 | H -1.959472 3.419059 3.624703 | H 2.800751 -2.466624 2.780856
H -2.729359 -2.504882 -3.248796 | C -3.205041 1.430834 2.286981 | H 3.673156 -2.865465 2.256462
C 0.230432 -0.513969 -4.796564 | H -2.730908 0.567498 2.761749 | H 2.020390 -3.227296 2.803268
H 1.060436 0.034411 -5.229591 | H -3.895390 1.065336 1521911 | H 3.094823 -2.241203 3.809402
C -0.759286 -1.060182 -5.620256

148




Table 5.8 Xyz coordinates of the structure of 2c.

-0.531179
-0.476228
-1.480913
-1.502147
-1.531781

0.397376

1.172100
-2.273328
-2.410748
-3.199434
-2.301240
-1.276111
-1.195402
-0.352258

0.448607
-2.476509
-3.264790
-0.478760

0.305966
-1.438381
-2.425311
-3.185053

1.036617

1.668031

-2.511680
-0.394259
-0.510182
0.090831
-2.012691
-1.438353
-1.825895
-0.119935
1.019747
1.398679
1.458018
0.983984
1.331601
0.058502
-0.312184
-2.885351
-2.517119
-3.863695
-4.207861
-4.756892
-4.238359
-4.898107
-0.762570

-1.490236

0.215195
-0.984911
1.231664
-0.160199
1.056369
-0.313243
-0.974337
1.868510
-0.647529
-0.006809
-1.970088
-2.786220
-3.810134
-2.291575
-2.922446
1.578954
2.227732
-0.105365
-0.767728
0.393965
1.244288
1.646651
0.949473
1.459167

r o r o r o r ©r 6O T T O I T O O Z2 O O O O T O

-0.069235
-0.023112
1.881005
0.158083
2.908113
-0.536057
1.246237
1.517837
0.262783
0.078456
-0.611402
2.725672
2.561305
3.625336
1.799447
2.701321
0.972094
0.470881
-0.432655
2.932063
3.794578
1.992860

2171142

-0.173401
-0.512872
0.425462
1.327992
0.329810
2.146679
1.607798
3.006757
3.486219
2.809098
3.443064
3.063360
2.402930
2.710278
3.939703
3.590710
3.899497
4.928560
5.253433
4.509197
4.518199
5.384110

6.034842

1.832803
2.868051
0.519214
1.774899
-0.109998
2.334750
0.935704
0.450251
-0.318497
-1.157180
0.331203
-0.511026
-1.363754
-0.005092
1.648312
2.163125
2.355377
-0.810431
-1.337006
-1.005404
-1.679895
1.144390

2.007013

3.197257
4.107445
3.360835
0.722036
0.839513
-0.138918
1.678200
1.499519
1.824044
-3.014933
-1.467134
-0.275189
-0.276756
-0.334314
0.681227
-1.435107
-2.299522
-0.532995
-1.443627
-2.767851
-2.812531
-3.656180

-2.810894

5.439347
5.127160
6.465530
5.845336
6.882934
5.815471
4.984180
4.348428
6.006072
2.174697
-6.249443
-6.658693
-6.127051
-7.727720
-6.475870
-7.115122
-6.928044
-6.916763
-8.177778
-6.550444
-5.962214
-6.316856

-7.610575

0.189567
0.713905
-0.158698
0.401053
0.068855
1.077536
-1.760729
-2.635822
-2.129514
-2.360769
0.018532
-0.864398
-1.819755
-1.085646
-0.367200
1.299276
1.940613
1.884620
1.037303
-0.762205
-1.682739
-0.171078

-1.030893
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Table 5.9 Xyz coordinates of the structure of 3c.

O r o r o r 6O r O T O T O O T O T T O O O O O O

0.324196
0.230621
1.368527
1.299233
1.389393
-0.606724
-1.424766
2.199635
2.104464
2.906527
1.860715
0.776557
0.549236
-0.036665
-0.883154
2.335302
3.162076
0.202899
-0.621870
1.159495
1.078173
2.218685
2.959726

-1.166251

4.312795
2.251774
2.266188
1.724230
3.781955
3.253052
3.657472
1.851918
0.726616
0.323520
0.232541
0.767959
0.393056
1.762873
2.139736
4.628610
4.221020
5.682954
6.084602
6.534109
7.605390
6.009554
6.674931

2.480582

0.643164
-0.674527
1.471844
0.056742
1.388847
0.092632
-0.502651
2.041310
-0.483951
0.119925
-1.774003
-2.483561
-3.474633
-1.946687
-2.511081
1.949878
2.522186
0.461898
-0.117609
1.022138
0.877113
1.760697
2.188817

1.339545

o o z o oo o rr r r O r r T O T T T O O T O T

-1.796384
-0.004799
0.001627
2702072
3.254241
2.451633
3.883667
3.857713
1.815469
0.951706
1.447191
2.393598
3.892168
3.564491
4567271
4.464942
-2.009550
-0.240564
-3.041095
0.465849
-1.383370
-1.790185
-0.611155

3.151801
1.881279
2.193975
-0.884950
-0.405039
-0.183679
-1.181523
0.498783
-2.130734
-1.904371
-2.522281
-2.918820
-1.301477
-1.706252
-0.462436
-2.082802
1.292159
0.380197
1.392666
-0.444382
0.106127
-1.308243
-2.006683

1.924314
2.140294
3.185362
-2.415934
-3.778227
-4.485359
-4.224192
-3.659895
-2.643844
-3.273250
-1.693755
-3.136179
-1.534686
-0.573236
-1.346007
-2.041545
0.900818
2.089750
0.279693
2.625600
1.320352
0.994941
0.276431

r r 6 r r O r T O T O T O T O T T O IT T O I T

-0.402478

0.281753
-3.019131
-2.803643
-3.872409
-2.136027
-2.983950
-1.288740
-0.968601
-0.112275
-3.374656
-4.246729
-2.488760
-2.714503
-3.711591
-4.576824
-3.980816
-1.287054
-1.513076
-0.414358
-2.192593
-1.966456
-2.449648

-1.466252
-1.966490
-1.364744
-0.832201
-0.866349
-2.053251
-1.553387
-2.012219
-3.475746
-3.956953
-2.833938
-2.839859
-3.519890
-4.034684
-3.571639
-3.106306
-4.612688
-4.199142
-5.253620
-4.170310
-3.530758
-3.029986
-4.570341

-0.651379
0.898285
0.057350

-0.871744
0.516714
2.305464
2.787367
2.990351

-0.016358

-0.501204

-0.250363

-0.912235
1.991851
2.931515
1.058298
1.544042
0.846327
1.307955
1.113327
1.969556

-0.944489

-1.892480

-1.177630
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Table 5.10 Xyz coordinates of the structure of 5b.

N
[

C -0.960479 -0.726717 -1.680582 | C 0.635958 1.022481 1.202758 | H -0.548969 3.242887 -0.918024
C -0.669262 0.308506 0.704515 | H 0.740031 0.852101 2.273536 | C 0.489085 2.533129 0.886850
C -0.732175 -2.272668 0.265449 | C 0.421966 1.346980 -1.346414 | H 1.352550 3.066437 1.289879
C -0.666867 -1.124861 1.216781 | H 0.342911 1.446775 -2.428267 | H -0.396069 2.923448 1.398166
C -0.873676 -2.056403 -1.055903 | C 1.796147 0.473000 0.406983 | C -0.652440 -3.642418 0.866578
C -0.807257 0.522579 -0.827424 | H 2.636636 -0.013375 0.888852 | H 0.286119 -3.759226 1.415911
H -0.941968 -2.886567 -1.753468 | C 1.682956 0.637195 -0.914367 | H -0.721699 -4.417299 0.102257
H -1.510729 0.783289 1.219519 | H 2.420510 0.300361 -1.633829 | H -1.451204 -3.781466 1.599960
o -1.143601 -0.629920 -2.882881 | C 0.379827 2.730401 -0.649714 | H -1.702304 1.117176 -1.036525
o] -0.608507 -1.338371 2414848 | H 1.202509 3.342548 -1.025441

Table 5.11 Xyz coordinates of the structure of 6b.
C -0.485803 -1.361852 -1.426134 C 0.916056 0.443509 1372131 H -0.596930 2.718606 -0.435997
C -0.413466 -0.272998 0.946151 H 1.121775 0.206430 2415794 C 0.686195 1.965438 1.181854
C -0.382993 -2.834850 0.567910 C 0.441671 0.920908 -1.114661 H 1.577064 2.505932 1.508798
C -0.416147 -1.689308 1.498186 H 0.269063 1.093158 -2.176198 H -0.139159 2.287834 1.823736
C -0.410083 -2.681782 -0.762754 C 2.023418 0.016925 0.439303 H -1.219660 0.229226 1.490472
C -0.646897 -0.084601 -0.587751 H 2.930788 -0.448136 0.807281 C -2.082009 0.411738 -0.862408
H -0.335942 -3.814670 1.032647 C 1.786324 0.280603 -0.848917 H -2.284919 1.336674 -0.319370
H -0.375893 -3.530877 -1.438402 H 2.472558 0.047586 -1.654522 H -2.817033 -0.330432 -0.535747
(6] -0.460404 -1.305110 -2.642576 C 0.380711 2.247360 -0.313218 H -2.224497 0.587729 -1.930447
[¢] -0.427748 -1.882057 2.701547 H 1.113957 2.937017 -0.736708
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Table 5.12 Xyz coordinates of the structure of 5c.

&
< (4
C -0.741101 -0.008788 -1.658498 | H 0.459875 2.276962 -2.404563 | H -0.613327 -4.227383 -0.876647
C -0.340815 0.966796 0.710793 | C 2.079587 0.732640 0.057363 | H -2.265559 -3.818155 -0.386789
C -0.716839 -1.579966 0.288994 | H 2.883216 0.067222 0.351345 | H -1.328678 -5.001620 0.534110
C -0.635226 -0.425894 1.233445 | C 1.839042 1.105392 -1.202685 | C 0.702366 -3.307459 1.388508
C -0.779672 -1.340962 -1.033658 | H 2.416801 0.772913 -2.056893 | H 1.087283 -2.547272 2.070339
C -0.602780 1.252138 -0.797640 | C 0.908556 3.295477 -0.513334 | H 1.383548 -3.393639 0.536633
H -0.877545 -2.150496 -1.749114 | H 1.730673 3.852735 -0.966986 | H 0.696026 -4.263758 1.918248
H -0.974288 1.621640 1.315775 | H 0.034498 3.949191 -0.543266 | C -1.910217 2.048315 -0.984885
(e} -0.835243 0.085313 -2.871657 | C 1.252229 2.886102 0.942858 | H -1.878397 2.986072 -0.426951
(0] -0.771062 -0.600774 2432420 | H 2.265518 3.194058 1.209455 | H -2.767188 1.474136 -0.619967
C 1.143330 1.342437 1.071691 | H 0.571748 3.358374 1.657538 | H -2.070006 2.266119 -2.042222
H 1.351515 1.022129 2.092470 | C -0.723096 -2.960776 0.905282 | H -1.357987 -2.896840 1.794618
C 0.649268 2.026168 -1.361532 | C -1.266055 -4.058543 -0.014597
Table 5.13 Xyz coordinates of the structure of 6c.
@
¢

C 1.219947 0.165474 -1.103507 | C -0.181951 2.361404 1.120143 | H 3.673346 0.013908 2.680345
C -0.225441 -0.141187 1.027964 | H 0.300035 3.084341 1.768238 | H -0.880178 -0.976369 1.294809
C 2.372597 -0.413383 1.038032 | C -0.239477 2.465631 -0.209720 | C -0.843245 -1.278019 -1.176317
C 1.070198 -0.457428 1.756298 | H 0.196418 3.279473 -0.776917 | C 0.031332 -2.526041 -0.965474
C 2.402614 -0.126802 -0.275165 | C -2.407316 1.273528 -0.335784 | H 0.940092 -2.472986 -1.572378
C -0.194479 0.001536 -0.530197 | H -2.935140 2.176004 -0.650934 | H -0.513325 -3.424306 -1.266785
H 3.343935 -0.071856 -0.815070 | H -2.948851 0.428543 -0.766571 | H 0.331085 -2.653822 0.077528
O 1.385386 0.520562 -2.260249 | C -2.354838 1.173901 1.210896 | C -1.208197 -1.139996 -2.660780
(6] 1.043054 -0.737092 2.943176 | H -2.849550 2.030205 1.674509 | H -1.954693 -0.361926 -2.830660
C -0.873035 1.136907 1.668652 | H -2.864824 0.274245 1.568441 | H -1.631823 -2.082899 -3.019258
H -0.804744 1.057869 2.753253 | C 3.599020 -0.694072 1.850399 | H -0.332702 -0.906476 -3.268872
C -0.962534 1.327223 -0.895693 | H 4.501774 -0.633637 1241426 | H -1.775764 -1.437269 -0.621943
H -0.959785 1.451446 -1.975724 | H 3.531061 -1.686635 2.303889
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