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ABSTRACT
SYNTHESIS AND STRUCTURAL ANALYSIS OF MACROCYCLIC ARENES:
EXPERIMENTAL AND COMPUTATIONAL INSIGHTS

Saber Mirzaei
Marquette University, 2019

Synthesis, properties and applications of macrocyclic molecules have been one of
the interesting branches of organic chemistry during the past century. Several classes of
macrocyclic molecules, based on their repeating unit and connectivity pattern, have been
discovered. Macrocyclic arenes, cyclo[n]veratrylenes, calix[n]arenes and pillar[n]arenes,
were among the most interesting and studied molecules. The major difference between
these molecules is the methylene-bridged connectivity pattern. In the present thesis, I
attempted to synthesize these molecules using novel approach which has been developed
in our group and performing some structural analysis using experimental and
computational techniques.

The first synthesized and investigated molecule is the cyclotetraveratrylene
(CTTV) which has the ortho (1,2) methylene-bridged connectivity pattern. This molecule
showed conformational flexibility at the room temperature. This phenomenon intrigued us
to investigate its conformational changes upon the one-electron oxidation. The results of
both experimental and computational studies revealed that the most stable conformer of
this molecule is different in the neutral (sofa) and cation-radical (boat) states. However,
due to instability of the cation-radical structure we have not been able to isolate the crystal
structure of this system.

The second synthesized molecules possessing the meta (1,3) methylene-bridged
connectivity pattern, calix[4]arenes. Herein, I synthesized a series of calix[4]arenes with
different substituents to show how the solvent environment and crystal packing forces can
totally change the most stable conformation of these molecules. The results revealed that
in the solution the 1,3-alternate is the most stable conformer, however, in the solid state,
the boat is more stable. This phenomenon can be attributed to the intermolecular interaction
of calix[4]arenes in the solution with the solvent molecules and in the solid states as the
inter-calix[4]arene-calix[4]arene interactions.

Pillar[n]arenes are the third class of macrocyclic arenes that were investigated in
this study which have para (1,4) methylene-bridged connectivity pattern. Since the fortuitus
discovery of pillar[5]arne in 2008, selective synthesis of higher sizes (n > 5) has remained
as an intriguing challenge for organic chemists around the world. Herein, I developed a
novel synthetic method which can help us to synthesize pillar[n]arenes (n =5, 6) selectively
with high yield. The experimental and computational results indicated that the solvent has
significant role in the size of the synthesized product. While the dichloromethane can
generate more pillar[5]arene, using chloroform as the solvent can lead to pillar[6]arene as
the dominant product. This effect can be attributed to the templating effect of the solvent.
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Chapter 1

INTRODUCTION

During the recent decades, the macrocyclic molecules attracted so many chemists
and biochemists due to the numerous intriguing features including host-guest interaction,
self-assembling, self-complexing and symmetrical structures. The symmetrical and
typically cyclic structures of macrocycles make them an attractive cavity for guest
molecules to bind. Moreover, the repeating unit of these systems make the
characterization relatively easy which helping the synthetic chemist for the fast
identification of the desired product. Several different classes of macrocyclic molecules
are defined based on the repeating unit and the connectivity pattern of the monomers;
cyclodextrins, crown ethers, cucurbit[n]urils, cyclo[n]veratrylene, calix[n]arenes and

pillar[n]arenes are the major classes of the macrocyclic molecules.

Cyclodextrins: Cyclodextrins (CDs) were first reported in 1891 by Villiers and
co-workers.! These cyclic molecules consisting of six (a-CD), seven (B-CD) and eight (y-
CD) glucose units with cavity size increasing with the number of glucose units. These
water-soluble CDs, due to the presence of several hydroxyl groups, are commercially
available. In contrast to its water-solubility, it should be noted that the internal cavity of
these systems predominantly consist of carbon and hydrogen, which making a
hydrophobic cavity. Therefore, the CDs can capture the hydrophobic molecules or

hydrophobic part of a molecule inside the polar solvents like water.

As depicted in the Figure 1.1, the CDs can bind to the guests with same size as its

cavity.? It has been revealed that the strong binding affinity of CDs can be attributed to



the unfavorable binding of water with the hydrophobic interior part of cyclodextrins.!
The stronger hydrophobic-hydrophobic interaction and elimination of waters leads to the

formation of complexes with different molecules from small size to large polymers.>*

The guests prefer to enter the CDs from the wider rim as they face smaller stric
hindrances. Moreover, if the guests possess extended structure, they can bind with two or
even more CDs at the same time. Based on these host-guest interaction properties,
Harada and co-workers tried to make cyclodextrin-based molecular machines.’ They
investigated the possibility of having a CD which can move back and forth along a
polymer. In addition to organic molecules, CDs can bind to inorganic and organometallic
complexes, especially, ferrocenes.® The oxidation state of the ferrocenes can control the
binding or dissociating state of the complex. In the neutral state, they showed relatively
strong binding constant. However, oxidizing the ferrocene leads to the dissociation of the
complex. Iron containing metallocene can bind in different pattern with the different size

of CDs (Figure 1.2).



Figure 1.1 The structure of Cyclodextrins (CDs, n = 6, 7, 8) and its host-guest pattern.
The picture adopted form the Ref. 2.

Figure 1.2 The complex of ferrocene with a (left), B (middle) and y (right) CDs. The
picture adopted form the Ref. 2.

Crown ethers: Since the first fortuitous identification of crown ethers by
Pedersen in 1967, this family of molecules has been a topic of a long-standing interest.’
Later in 1987 he won the Nobel prize in chemistry for his work in this area. The crown
ethers are simple cyclic polyethers with -CH>CH»>O- repeating units which based on the
size have different affinity for alkali metals. As depicted in Figure 1.3, there is a
systematic nomenclature for crown ethers which the first number representing the
number of all atoms (except hydrogens) in the ring and second number showing the

number of oxygens in the molecule.
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Figure 1.3 The chemical structure of some common crown ethers and the specific
binding sites for alkali metals.

The lone pairs of oxygens can bind to the positively charged alkali cations like
sodium and potassium. This binding affinity is very selective based on the size of the
alkali metals. For example, the lithium cation cannot fit properly inside the 18-crown-6 or
larger crown ethers. Therefore, these compounds can be used to selectively extract the
desired metal from the solution. In addition to sharing lone pairs with the metals, oxygens
play significant role in the solubility of crown ethers in different solvents. The possibility
of forming hydrogen bonding with protic solvents and the presence of hydrophobic
hydrocarbons made these compounds soluble in broad range of solvents including water
and organic solvents.® This unique feature of crown ethers allows the researchers to use
them for solubilizing metal containing salts (e.g., KF). The crown ethers bind with the

positively charged metal and increase the solubility of counter anion which leads to the



dramatically increase of reactivity.’ This phenomenon is very useful in the field of phase
transfer catalysis.!? In addition of complexation with alkali metals, it has been revealed
that some of the crown ethers can bind strongly with other species trough the hydrogen
binding. For instance, the 18-crown-6 (see Figure 1.3) is well-known for its selective
binding with potassium; however, less appreciated, this macromolecule can bind with the

protonated amines both in solution and gas phases.!!"!3

Cucurbit[n]urils: The similarity of methylene-bridged glycoluril macrocycles to
the cucurbitaceae family of plants was the prominent reason for naming these pumpkin-
shaped molecules cucurbit[n]urils (CB[n]) by Mock and co-workers in 1981.1%13
Cucurbit[n]urils are the result of the condensation of glycoluril and formaldehyde under
the acidic condition (Figure 1.4). The CB[6] was the only identified size of
cucurbit[n]urils for around two decades (Figure 1.5). It should be noted that this
molecule has been synthesized for the first time in 1905,'¢ however, due to the solubility
problems, has not been characterized since 1981.!4 Later, the research groups of Kim and
Day developed new synthetic method for synthesizing different sizes of CB[n]
molecules.!”" They found the importance of temperature in controlling the size of
CBJ[n]s. To the contrary of higher temperatures (> 110 °C) which leads to the CB[6] as
the only product, the lower temperatures (75-90 °C) can lead to CB[n] with different
sizes.'® The crystal structures of CB[n] with different sizes revealed that despite the
significantly different cavity sizes, all CB[n] have same depth (~9 A). It should be noted
that the cavity size of CB[10] is too large to bind strongly with the smallest synthesized

size cucurbit[n]uril (n = 5).!” Moreover, in some crystal structures, water molecules are

trapped inside the cavity which are removed upon the binding with the guests.



The CB[n] family and their applications have been the subject of several reviews
during the past decades.?’?? These macrocyclic molecules gained large interest due to the
several reasons including: commercial availability, existence in several different sizes (n
= 5-10), selective and strong complexation with wide variety of guests and solubility in

aqueous media. It should be noted that the one pot synthesis is another important reason

for ever-growing applications of these macromolecules.

Figure 1.5 The 3-D representation of CB[6] from top (right) and side (left) views.

As depicted in Figures 1.4 and 1.5, the glycoluril molecules are inter-connected
with two methylene (CH») groups to form the bridges. This unique feature of CB[n]

macrocycles made the whole structure less conformationally flexible. Moreover, the



highly symmetrical structure created identical entrances for guests on both sides of the
molecule. Therefore, the entropy change of the host does not affect the binding affinity of

these macromolecules.

Cyclo[n]veratrylenes, Calix[n]arenes and Pillar[n]arenes: The chemistry of
macrocyclic arenes, especially alkoxy substituted benzenes, was among the most
interesting subjects of macromolecular systems during past decades.?*~2% The smallest
family of these groups is the cyclotriveratrylene (CTV) which is the result of the
connection of three veratrole (1,2-Dimethoxybenzene) using CH, groups as the bridge.?’
The NMR spectroscopy and single-crystal structure revealed that the most stable
conformer of this molecule has crown-like structure.?” There are two general possible
approaches for the synthesis of this molecule; condensation of veratrole alcohol under
acidic condition and condensation of veratrole using paraformaldehyde and

Lewis/Brosted acids (Figure 1.6).25-3°

The host-guest interaction of CTV and its derivatives are studied extensively.?!-3

The strong binding affinity of CTVs for fullerenes are well-known. The binding constant
increasing with the increasing the size of the fullerenes (Css4 > C70> Ceo) which has been
attributed to the better non-covalent -7 interaction between bigger fullerenes and CTV.3¢
The other cyclo[n]veratrylene (n =4, 5, 6) are also synthesized. Among them the
cyclotetraveratrilene (CTTV, n = 4) indicated the conformational flexibility in the
solution. However, according to the variable temperature NMR and single X-ray crystal
structure, it has been revealed that the most stable conformer for this macrocyclic
molecule has sofa-shaped structure.>” Also, changing the methoxy groups to hydroxyl did

not affect the most stable conformer in the solution or crystal state.?’
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Figure 1.6 The general synthetic methods and structure of cyclo[n]veratrylene (n = 1-4).

Cyclo[n]veratrylene presenting the arenes-based macrocyclic compounds with the
ortho (1,2) bridging pattern. Another macrocyclic molecule which containing the
substituted arenes are calix[n]arenes, named due to calix-shaped structures. These
macromolecules following the meta (1,3) methylene-bridged pattern. In comparison to
cyclo[n]veratrylene, these family of molecules were synthesized in much greater extent
and their properties are investigated prevalently in the literatures related to the
macrocycles or supramolecular chemistry. It should be noted that several research groups
extended the calixarene families to the other aromatic systems including furan
(calixfurans), pyridine (calixpyridines),*® pyrrole (calixpyrroles),* indole
(alixindoles),*® naphthalene (calixnaphthalenes),*! etc. Moreover, several groups reported
the synthesis of calixarenes with the different groups as the bridge instead of
methylene.*>* For example, thiacalixarene which the bridge CH: groups have been

replaced with the sulfur.**

The smallest identified and characterized calixarene contains four substituted
benzene ring (calix[4]arene). This molecule, due to the vast spectrum of application,

attracted ever growing attention from the researchers. Interestingly, this molecule can



show four different conformers cone/boat, partrial-cone (paco), 1,2-alternate and 1,3-
alternate (Figure 1.7). Depending on the substituents, these conformers can be rigid and
separable or interconverting very fast in solution. However, the fast interconversion

between these conformers will be halted at low temperature or binding with the guests.

<  partial cone (paco) 1,2-alternate

Figure 1.7 The 3-D representation of four different conformers of calix[4]arene; the
position of all aromatic protons can be occupied with different groups (e.g. methoxy,
methyl, etc.).

The presence of four aromatic rings as potential source of pi-electrons for n-m and
n-cation interactions and a symmetrical rigid structure intrigued researcher to examine its
abilities for binding with vast variety of guests. NOx gases are one of the interesting
possible guests which can interact strongly with the cavity of calixarenes. The colorless

dimer of nitrogen dioxide (NO2) can undergo disproportionation upon the reaction with
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calixarenes to form m-cation (NO™) interaction which leads to the color change.*¢#” This
phenomenon provokes several groups to generate nitric oxide artificially using NOBF4 or
NOSbCls salts and investigate its interactions with the different substituted calixarenes.*3-
31 During the past decade, Rathore and co-worker tried to design and synthesize novel
calix[4]arenes for strong binding with nitric oxide.*?->° These molecules are designed to

act as the NO detector or storage materials.

The practical applications of calixarenes are not confined to the NO detection.
The high binding affinity of calix[4]arenes for ionic metals and neutral molecules
intrigued so many researchers to investigate their applications for separation of toxic
metal. The two alkali metals Cs and Sr are the byproducts of nuclear reactions which gain
lots of attentions due to their radioactivity concerns.’®>7 Also, several different
chemically modified calixarenes (e.g., calix[4]arene-crown and mercaptocalix[4]arenes)
are synthesized to separate the hazardous materials (e.g., mercury) selectively.’®
Moreover, calixarenes were used for making several selective electrodes for cations like
sodium (Na*) and potassium (K*).>*-62 The accurate identification of these ions is
originating from their importance role in the biological systems. In addition of metals,
Regen and coworkers attempted to build a thin-film membrane of calixarene to separate
the He gas from the mixture of several gases.®> Moreover, Chan et al., claimed that their
selective electrode for in situ generated hydrazone can detect this neutral compound with

acceptable range of accuracy.®

The latest family of arene-based macrocyclic compounds is discovered by Ogoshi
and coworkers in 2008.% They named the newest family of macrocyclic molecules as the

pillar[n]arene due to the rigid and tubular, pillar-shaped, structure of them. New bridging
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pattern (para (1,4)), easy and one-pot synthesis, possibility of synthesis with different
cavity sizes, versatile functionality and symmetrical structures are some of the unique
features of pillar[n]arenes which gain the attention of chemist from all around the

world.2¢

The first pillar[n]arene, a five membered macrocycle (pillar[5]arene), was
synthesized and characterized accidentally as the byproduct of a reaction which has been
designed to synthesize a polymer.®> As depicted in the Figure 1.8, the reaction was a one-
pot synthesis of a phenolic polymer using 1,4-dimethoxybenzene and paraformaldehyde
as the starting materials and BF3-Et>O as the Lewis acid catalyst. In contrast to BF3-Et;0,
which showed the pillarene as the major product, employing other Lewis acids, FeCls and
SnCly, as the catalyst generated the polymer as the major product and pillarene was the

minor product.5

OMe OMe
Lewis Acid
+ (CH0), —pcg +
OMe OMe 5 OMe n
Pillar[5]arene Polymer

Figure 1.8 The first reported condition for the synthesis of pillarenes using DCE (1,2-
dichloroethane) as the solvent (Ref. 65).

After the report of these results, several different groups tried to optimize the

reaction conditions to increase the yield of the pillarenes in comparison to the
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polymerized product. Ogoshi and coworker, changed the ratio of paraformaldehyde to
increase the yield form 26% to around 73%.5 Moreover, the results of Szumna et al.
investigated reactions revealed highly solvent-dependent nature of this reaction.®’ Their
results indicated that the 1,2-dichloroethane (DCE) is the best solvent for the synthesis of
pillar[5]arene. However, employing other solvents (e.g., dichloromethane or chloroform)
can lead to the higher pillarenes.®” Therefore, the Hou and coworkers attempted to
synthesize and characterize several higher pillar[n]arenes (n > 5).°® Their results revealed
the possibility of synthesis of higher pillar[n]arenes (n = 6-10) under the kinetically
controlled reaction. However, the yield of seven-, eight-, nine- and ten-membered

pillarenes did not exceed 3%.%®

All the evidences pointed to the great influence of the solvent on the synthesis of
pillarenes. Therefore, Ogoshi and coworkers attempted to find the best solvent for the
synthesis of pillar[n]arene (n = 5, 6) selectively. They figured out the high potential of
chlorocyclohexane (CICy) as the solvent for the selectively synthesis of pillar[6]arene.®
They define this effect as the template-effect of the solvent for selectively syntheses of
pentamer (pillar[5]arene) or hexamer (pillar[6]arene) as the desired product. The bulky
hydrocarbons, e.g., CICy, can act as the both template and guest for closing the
macrocyclic structure in bigger shape (hexamer). In contrast, small molecules, especially
1,2-dichloroethane (DCE), can push the reaction to the pentamer structure (Figure 1.9).
However, for this special case, cyclohexylmethyl (CH2Cy), the low yield was attributed

to steric hindrance which prevent the formation of pentamer structure.®
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(0]
+ (CH,0), BF30Et2
Solvent

(0]
Pillar[5]arene Pillar[6]arene
Solvent = CICy 3% 87%
Solvent = DCE 3% 0%

Figure 1.9 The effect of the solvent on the synthesis of pentamer (n = 5) or hexamer (n =
6) pillar[n]arene. The chlorocyclohexane (CICy) and 1,2-dichloroethane (DCE) showed
the templating-solvent effect for the synthesis of pillar[6]arene and pillar[5]arene,
respectively.

Additionally, Ogoshi and co-workers investigated the conversion of pure
pillar[5]arene and pillar[6]arene to each other by selecting the solvent under the Lewis
acid catalyzed reaction. The results revealed that pillar[5]arene will be converted to the
pillar[6]arene using the chlorocyclohexane (CICy) as the solvent. Also, the pillar[6]arene
has been converted to pillar[5]arene in the 1,2-dichloroethane (DCE) media. Moreover,
Nierengarten and coworkers started from the timer of CH»-bridged 1,4-diethoxybenzene
as the starting material with this hope to synthesize pillar[6]arene with high yield.”®
However, the major product was pillar[5]arene in the 1,2-dichloroethane (CH2Cl2) media.
The results of Ogoshi et al. and Nierengarten et al. revealed the dynamic nature of

methylene bridge bonds formation/cleavage during the reaction (Figure 1.10).
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Figure 1.10 The dynamic nature of CH>-bridge bonds formation/cleavage during the
reaction (adopted form Ref.69).

The pillarenes have a great potential for carrying several different functional

groups to change its solubility, interactions with guests and assemblies. The deprotection

of ether part will lead to the reactive OH groups which can undergo several different

reactions. This conversion, from alkoxy to hydroxyl, can be accomplished easily by

employing Tribromoboron (BBr3). The presence of OH groups helped the researchers to

install different functional groups which lead to the synthesis of water-soluble pillarenes.

Moreover, by optimizing the reaction conditions (equivalent of BBr; and temperature),
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one can control the number of generated OH groups. However, due to generation of
several different product, the separation of the desired product can be completely
difficult. Therefore, another approach, using subsequent oxidation/reduction, has been
proposed.” =73 In this method, the final product bearing two hydroxyl groups on the same
benzene ring which results in the cleaner reaction. Starting from the reagents carrying the
bromide moieties is another proposed for post modification and installing different
functional groups on the pillarenes.” Also, the co-cyclization of different studying
materials let us to have pillarenes with limited number of modifiable groups.”"

However, synthesis and purification of desired product with acceptable yield remains as a

challenging part of co-pillarenes synthesis.

The unique structure of pillarenes, in comparison to other macrocyclic arenes,
make them very interesting candidates for (bio)chemist to investigate their host-guest
properties. The presence of para-bridging CH> groups can generate highly ordered
symmetric cylindrical structure, pentagonal and hexagonal for pillar[5]arene and
pillar[6]arene, respectively. In contrast to pillar[5] and pillar[6]arene, the crystal
structures of higher pillar[n]arenes (n = 8-10) showed two cavities with different sizes.”
For example, pillar[9]arene showed on hexagonal and one pentagonal cavities. However,
the applications of these higher pillarenes remained totally restricted due to the relatively

hard synthesis and purification.

Pillarenes feature a m-electron rich cavity which has strong tendency toward the
binding with neutral (e.g., n-hexane and n-heptane) and cationic (e.g., ammonium and
pyridinium) systems. The binding affinity of pillarenes with these molecules are mainly

attributed to the CH-x and cation-x interactions. The association constant for alkanes are
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much lower than the cations. Though, replacing the hydrogens with electron-withdrawing
groups (e.g., halogens) can increase the binding constant for linear hydrocarbons. In
addition to the presence of electron-withdrawing groups, the shape of the hydrocarbons
can greatly affect the possibility of their entrance to the cavity of pillarenes. For instance,
the branched and cyclic hydrocarbons cannot form complex with the smallest synthesized
pillar[n]arene (n = 5).”” Moreover, changing the substituent of pillarene form alkoxy to
other functional groups (e.g., carboxylic acid) can alter the binding constant significantly.
In 2014, Xia and Xue reported the synthesis and binding affinity of pillar[5]arene with
one para-carboxylic acid moiety.®® Their results revealed very large binding constant (K
= 1.52x10° M) for monoamine derivative in chloroform. This value can be attributed to

the hydrogen binding between the COOH and NH; groups (Figure 1.11).

NH,

Figure 1.11 Modifying the pillar[5]arene ring to increase its binding affinity for guest
molecules.

The cavity size of pillar[6]arene (6.7 A) is bigger than the pillar[5]aren (4.7 A).

This larger cavity size can alter the host-guest interactions dramatically. For example,
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Fan et al. reported the charge transfer complexation of carbonium tropylium ion
tetrafluoroborate.®! The NMR data indicated that the suitable cavity dimension of
pillar[6]arene is responsible for the binding of this cation inside the host and subsequent
color change (form color less to red). To the contrary of pillar[6]arene, the smaller
(pillar[5]arene) and bigger (pillar[7]arene) cavities did not show any color change which

indicating the disability of these pillarenes for forming stable complexes.?!

In addition to interesting host-guest chemistry, the highly symmetrical structure of
pillarenes intrigued researchers to investigate the supramolecular assemblies (1-D, 2-D
and 3-D) of these macromolecules. One-dimensional assemblies will lead to the tubular
structures. These tubular structures which are the result of covalent interconnection of
different number of pillarene units will form tube-like systems. The smallest possible
structure has been synthesized by connection of two pillar[5]arens.” Interestingly, this
dimer molecule showed considerably larger binding constant for linear alkanes in
comparison to its monomer. Later, several different sizes (up to 9-mer) have been

synthesized by Stoddart and his coworkers.%?
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Chapter 2

ORTHO (1,2) METHYLENE-BRIDGED MACROCYCLIC ARENES:
REDOX-INDUCED CONFORMATIONAL CHANGE OF
CYCLOTETRAVERATRYLENE (CTTYV)
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Sofa Boat

Electro-active polychromophoric assemblies that undergo clam-like
electromechanic actuation represent an important class of organic functional
materials. Here, we show that the readily available cyclotetraveratrylene (CTTV)
undergoes oxidation-induced folding, consistent with interconversion from a non-
cofacial “sofa” conformation to a cofacial “boat” conformer. It is found that the
non-cofacial "sofa" conformer of CTTV forms stable electron donor-acceptor
complexes with chloranil and DDQ. Electron-transfer induced conformational
transformation in CTTV provides a framework for the rational design of novel

organic functional molecules.
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Introduction: The design and synthesis of organic functional molecules is
critically important for numerous practical applications, such as molecular sensors,
molecular switches, nonlinear optical materials, etc.8>> Among the various
classes of functional materials, molecular actuators have attracted significant
attention. Typically, a molecular actuator exhibits dramatic conformational
changes when triggered by an external stimulus (e.g., heat, light, metal ion
binding, or electron transfer), leading to a modulation in their physical properties

(e.g. color, spin, electrical conductivity, and optical properties).

Among various external stimuli, electron transfer is of particular
importance, especially in the case conformationally mobile bichromophores that
can adopt a n-stacked arrangement of its chromophores. Extensive studies have
established that upon ionization, charge-resonance stabilization of the cationic
charge (i.e., hole) is dependent on the orbital overlap between the aromatic
moieties of two chromophores.?*** Because orbital overlap is maximal when the
chromophores are perfectly sandwiched,”® many conformationally mobile
chromophores undergo oxidation-induced actuation from “open” to “closed”

conformation as schematically depicted in Figure 2.1A.

Many examples of molecular actuators are available in the literature,’’-8%95-

97 and here we seek to identify whether readily available®®-10!

cyclotetraveratrylene
(CTTV, Figure 2.1B) can undergo oxidation-induced actuation. Past studies have
established that conformationally mobile CTTV at the neutral state prefers “sofa”
conformation and not “boat” or “crown” conformations. Considering that the

closed conformation of CTTV contains a pair of cofacially-arrayed aromatic rings

well-suited for the efficient hole stabilization, in this work we question whether
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CTTYV would undergo oxidation-induced actuation from the (open) “sofa” to

(closed) “boat” conformation.

‘boat’ (closed)

~

Figure 2.1 A. Schematic illustration of the electron-transfer-induced conformational
transformation. B. Illustration of the oxidation-induced folding from (open) ‘sofa’ or
(closed) ‘boat” CTTV.

Accordingly, here we demonstrate with the aid of electrochemistry,
generation of CTTV cation radical, and DFT calculations that in solution CTTV
indeed undergoes (electro)chemical actuation as depicted in Figure 2.1B.
Furthermore, we show that CTTV effectively binds chloranil (CA) and 2,3-
dichloro-5,6-dicyano-p-benzoquinone (DDQ), forming electron donor-acceptor
(EDA) complexes as shown via optical spectroscopy and X-ray crystallography.
The latter showed that in the crystal structures of both EDA complexes, the CTTV

molecule exists in open conformation, which allows a maximum number of
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cofacial n-n contacts between the aromatic moieties of CTTV and the aromatic
acceptors. These findings underscore the importance of local environment in
promoting oxidation-induced actuation and contribute to the design of novel

organic functional molecules based on oxidation-induced mechanical actuation.

Computational details: All electronic structure calculations were performed in
Gaussian 09 package.!® It is well known that accurate description of the electronic
structure of the cation radicals of pi-conjugated and pi-stacked systems is challenging for
many DFT functionals due to the self-interaction error that causes artificial hole
delocalization and leads to underestimated oxidation potentials and incorrect nature of the
excited states.!9-1%° Tt was shown!% that BILYP!?7 with 40% of the HF exchange
provides a balanced description of the electronic structure of the poly-p-phenylene cation
radicals. Accordingly, in this manuscript, we performed electronic structure calculations
using BILYP-40-D3/6-31G(d) level of theory. In order to account for dispersion
interactions within BILYP-40 functional we have utilized D3 version of Grimme’s
dispersion'% parameters SR6=1.3780 and S8=1.2170. In recent studies we have
shown!%119 that such a modification provided a balanced description of the neutral and
cation radical states of various pi-stacked systems. Solvent effects were included using
the implicit integral equation formalism polarizable continuum model (IEF-PCM)!!! with
dichloromethane solvent parameters (¢ = 8.93). In all DFT calculations, ultrafine
Lebedev’s grid was used with 99 radial shells per atom and 590 angular points in each
shell. In cation radical calculations, wave function stability test was performed to ensure
absence of solutions with lower energy. Tight cutoffs on forces and atomic displacement

were used to determine convergence in geometry optimization procedure. Harmonic
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vibrational frequency calculations were performed for the optimized structures to confirm
absence of imaginary frequencies. Free energies were computed within harmonic
oscillator approximation for 7= 298.15 K and P = 1 atm. NMR shielding tensors were

computed with the Gauge-Independent Atomic Orbital (GIAO) method.!!?

Results and discussion: As first reported by White and Gesner, starting with
veratryl alcohol in glacial acetic acid containing a few drops of concentrated
sulfuric acid as catalyst, a mixture of cyclotriveratrylene (CTV, 68%) and CTTV
(16%) can be generated by the cyclo-oligomerization reaction.!®! With the aim of
selective production of CTTV, we employed (Scheme 2.1) methanesulfonic acid
as catalyst and stirred the reaction mixture containing one equivalent of
cyclotriveratrylene (CTV) and three equivalent of veratryl alcohol at room
temperature for 3 hours, which afforded CTTV in excellent yield (>70%); see the
Experimental section for full experimental details and complete characterization

data.

o
:@2 @ _ CHSOsH
DCM, rt, 3h
CTV
e

Scheme 2.1 Synthesis of cyclotetraveratrylene (CTTV).

Past studies using X-ray crystallography and variable temperature 'H NMR

(VT-NMR) have shown that CTTV and its derivatives prefer open conformation,
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although the closed conformation may be energetically similar,3!-98.100.10L.113-115

Here, in order to confirm these findings we performed VT-NMR experiment in
CD:Clz solution. As shown in Figure 2.2A the NMR spectrum at 20 °C displays
two broad signals at 6.60 and 3.72 ppm with the ratio of integration 1:4,
respectively. Upon cooling to -80 °C, the aromatic signal separated into two
equivalent sharp singlet signals at 6.82 and 6.22 ppm, while the peak from the
methylene proton split into two doublets at 3.18 and 3.77 ppm. In addition, two
sharp singlet signals at 3.48 and 3.85 were observed that were assigned to the
methoxy groups. Simulation of the 'H NMR spectra of open and closed
conformations using DFT calculations confirmed that positions of the experimental
peaks are consistent with the open conformation (Figure 2.2B). Thus, broadening
of the signals at room temperature corresponds to the interchange between multiple
equivalent conformers of open CTTV via pseudo rotation of the methylene carbons
(Figure 2.2A). Note that temperature increase up to 60 °C did increases sharpness
of the peaks without adding any new features (Figure 2.9 in the Experimental

section) suggesting that only one conformer of CTTV is present in solution.

In order to further confirm that open conformation is the most stable, we
performed a conformational analysis of neutral CTTV using density functional
theory (DFT) calculations. First, we note that the accurate description of the
oxidation-induced actuation in such systems as CTTV presents a challenge for

DFT.!!'¢ Many standard density functionals do not include long-range dispersion
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Figure 2.2 A. '"H NMR spectra of CTTV at 20 and -80 °C. Representative interconverting
structures of open CTTV are shown on the right. B. '"H NMR spectra of open and closed
CTTV calculated using BILYP40-D3/6-31G(d)+PCM(CH:Cl,).

interactions and therefore total energy of the closed conformation of an actuator
may be overestimated.!!” In addition, self-interaction error often leads to the
underestimated oxidation potentials and artificially delocalized cation radical

states 118,119

Recent benchmarking studies have demonstrated that standard BILYP
functional with 40% of Hartree-Fock exchange (i.e., BILYP40) accurately
reproduce oxidation potentials and the cation radical excitation energies of a

variety of m-conjugated systems.!%%120 Furthermore, another recent study showed
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that BILYP40 accurately reproduces experimental binding energies of the van der
Waals fluorene dimers, if the missing dispersion interactions are accounted for
using the empirical Grimme’s D3 term.!!? Therefore, in this work we employed
B1LYP40-D3/6-31G(d) level of theory with the solvent effects accounted via

polarizable continuum model (PCM) with CH2Cl; parameters.

L K

1 (open) 2 (closed)
3 4

Figure 2.3 Conformations of CTTV calculated using BILYP40-D3/6-31G(d).
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Table 2.1 Relative free energies of CTTV conformers calculated using BILYP40-D3/6-
31G(d) and M062X/6-31G(d) in dichloromethane.

BILYP40-D3/6-31G(d) M062X/6-31G(d)

1 (open) 0.00 0.00
2 (closed) 1.37 1.21
3 6.31 6.88

4 15.97 16.01

The calculations showed that among four different conformations, open
CTTV is the lowest energy structure, lying 1.4 kcal/mol lower than the closed
conformer (Figure 2.3 and Table 2.1). While the energetic difference is small, this
corresponds to 95.6% contribution of open CTTV at 22 °C according the

Boltzmann distribution if entropic factor is included.

The electron donor strengths of CTTV and model monochromophoric
compound 1,2-dimethoxy-4,5-dimethylbenzene (M) were evaluated by
electrochemical oxidation at a platinum electrode as a 2.0x10~* M solution in
dichloromethane containing 0.1 M n-BusNPFg as the supporting electrolyte. The
cyclic voltammogram (CV) of model compound M showed (Figure 2.4) one
reversible oxidation wave with the oxidation potential Eox = 0.77 V vs Fc/Fc™,
while oxidation potential of CTTV was found to be 70 mV lower than M, i.e.,
Eo[CTTV]=0.70 V vs Fc/Fc", signifying that structural and conformational

reorganization occurs leading to the stabilization of the cationic charge.
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Figure 2.4 Cyclic voltammograms (CVs, solid lines) and square waves (SWs, dashed
lines) of 2 mM CTTYV (red color) and M (green color) in CH>Cl, (0.1 M n-BusNPFg) at a
scan rate 100 mV s°!.

It has been established that at the cation radical state of a polyaromatic
electron donor, charge-resonance stabilization is maximal when aromatic moieties
adopt a perfect “sandwich-like” arrangement that allows for the maximal orbital
overlap between the aromatic moieties.”>-** Thus, many conformationally mobile
actuators have been reported to undergo electromechanical actuation that is driven
by the charge-resonance interactions. Yet, observed hole stabilization of 0.07 V in
CTTV (i.e., AEox = Exx[M] — Ex[CTTV]) is relatively small, especially
considering that in rigid cofacially arrayed bichromophores hole stabilization may
reach 0.35 V.!121:122 One has to note that although the enthalpy gain of a cofacial
arrangement of two aromatic moieties may be indeed significant, the overall free

energy gain depends also on the entropic contribution.®® For example, a series of
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veratrole- and acetal-based actuators showed a varied hole stabilization from AEox
=0.26 mV to 0.0 V, underscoring the important role of the linker connecting two

chromophores (Figure 2.5).87:89.93

Va2 Ac2-CH2 Ac2-C2H4
O
B g
(6]
°.J ’°.J ‘P 9-‘
AEx=0.26V 0.10V 0.07V

Figure 2.5 Examples of the actuators with varied hole stabilization (AEox) as indicated.
Calculated [B1LYP40-D3/6-31G(d)+PCM(CH2Cl>)] spin-density plots show extent of
hole delocalization in each case.

While actuators V2 and Ac2-CHz shown in Figure 2.5 show a significant
hole stabilization with the hole delocalization over both chromophores, compound
Ac2-C>Hs does not display any stabilization with the hole localized on a single
chromophore. In the case of CTTV, entropic penalty required to freeze (pseudo)
rotation of the C-C bonds at four methylene groups upon its actuation, leads to a
modest yet appreciable 70 mV stabilization with the hole delocalization over both

chromophores. Finally, DFT calculations further confirmed that closed
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conformation is the global minimum structure at the cation radical state that lies

5.6 kcal/mol lower than open CTTV ™ (Table 2.2).

Table 2.2 Relative free energies of CTTV™ conformers calculated using BILYP40-D3/6-
31G(d) and M062X/6-31G(d) in dichloromethane.

BILYP40-D3/6-31G(d) M062X/6-31G(d)

1 (open) 5.64 5.62
2 (closed) 0.00 0.00
3 12.57 18.82

4 20.37 21.31

In order to further support that CTTV undergoes oxidation-induced folding,
we generated the cation radicals of CTTV via quantitative!?? redox titrations using
stable cation-radical salt [THEO*SbCls] (1,4,5,8-dimethano-1,2,3,4,5,6,7,8-
octahydro-9,10-dimethoxyanthracene hexachloroantimonate; Erea = 0.67 V vs
Fc/Fc', Amax = 518, € = 7300 M! cm’!, as one-electron aromatic oxidants in
dichloromethane.!'?! The redox titration experiment was carried out by an
incremental addition of sub-stoichiometric amounts of the electron donor (i.e.,
CTTV) to the solution of an oxidant cation radical (i.e., THEO™). The one-clectron
oxidation of CTTV to CTTV ** and reduction of THEO™ to THEO can be

described by an equilibrium shown in eq. 1.

THEO™ + open CTTV 2 THEO + closed CTTV™ (eq. 1)
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Figure 2.6 A: A: Spectral changes observed upon the reduction of 0.051 mM
THEO™ in CH2Cl: (3 mL) with sub-stoichiometric addition of 1.49 mM solution
of CTTV in CH2Cl; at 22 °C. B: Plot of the mole fractions of THEO™ (red) and
CTTV™ (green) against the added equivalents of neutral CTTV. Symbols represent
experimental points, while the solid lines show best-fit to experimental points
using AG = Eox(CTTV) - Ered(THEO™) = 25 mV. C. Electronic transitions of
closed CTTV™ calculated using TD-B1LYP40-D3/6-31G(d)+PCM(CH2Cl,). Inset
shows the isovalue plot of the spin-density distribution in CTTV™ calculated at
B1LYP40-D3/6-31G(d) level of theory.

Treatment of the orange-red solution of THEO™ with increments of CTTV
led to disappearance of the absorption bands of THEO™ at 518 nm and
concomitant growth of a new sharp band at 460 nm and a broad featureless band at
~1500 nm (Figure 2.6A). Numerical deconvolution!?* of the absorption spectrum
at each increment produced mole fractions of THEO™ and CTTV ™ against the
added equivalents of CTTV (Figure 2.6B), confirming the redox reaction follows

1:1 stoichiometry as shown in eq. 1 without formation of CTTV dications or any
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biproducts. Unfortunately, repeated attempts to generate crystal of CTTV™ were

unsuccessful due to the overnight decomposition of CTTV™ even at -30 °C.

The presence of the intense absorption band at the near-IR region in
CTTV™ indicates extensive through-space hole delocalization, suggesting that
CTTV™ exists in the (cofacial) closed conformation. Indeed, a similar band at
~1500 nm has been previously reported in various other rigid veratrole-based
cofacially-arrayed bichromophores.?*%” Furthermore, TD-DFT calculations
confirmed that closed CTTV™ contains a strong transition at 1525 nm in full

agreement with the experimental spectrum (Figure 2.6C).

As the isolation of the CTTV cation radical was not feasible, we questioned
whether the partial oxidation upon interaction with an acceptor molecule might
lead to the interconversion into a closed conformation. Thus, next we examined the
electron donor-acceptor (EDA) complexes of CTTV with acceptors of varied
strength, i.e., chloranil (CA, Ered = 0.02 V vs SCE)!'?* and DDQ (Ered = 0.56 V vs
SCE).!2>126 Mixing of CTTV with CA or DDQ in dichloromethane solvent
produced a yellowish or brownish colored solution, respectively, indicative of the
formation of the EDA complex. Indeed, the UV-vis absorption spectra of the
CTTV~CA and CTTV~DDQ EDA complexes showed a charge-transfer band at
Act = 610 and 810 nm, respectively (Figure 2.7). The quantitative analysis of the
binding of CA and DDQ with CTTV in solution was carried out by
spectrophotometric analysis, with absorbance data treated according to the Benesi-
Hildebrand procedure!?”-128 to derive the values of association constants (K),

extinction coefficient (ect), and the “effective absorbance” (Kpaect) of the EDA

complexes (Table 2.3). Interestingly, the CTTV~DDQ EDA complex displays a
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high association constant K = 591 M-, which is about 40 times higher than that of

CTTV~CA complex, and is consistent with the varied electron acceptor strength of

DDQ and CA.
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Figure 2.7 Left: Spectral changes recorded upon the incremental addition of CTTV
(6.0x10> M) to DDQ (0.011 M) in dichloromethane. Right: Spectral changes recorded
upon the incremental addition of CTTV (1.08x10-3 M) to CA (0.022 M) in

dichloromethane.

Table 2.3 Compilation of wavelength of CT band, association constants, extinction
coefficient and “effective absorbance™.

Acceptor Act (nm) Kpa (M) gep (M em™) Kpagcr (x10%)
810

DDQ

CA

610

591

15

2066

347

1221

5.205

Large quantities of the EDA complexes CTTV~DDQ/CTTV~CA can be

easily prepared by mixing the CTTV with DDQ/CA in chloroform or

dichloromethane at room temperature. After careful layering with hexane and a

slow evaporation, X-ray quality single crystals were generated in good yield.
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Availability of the EDA complexes of CTTV with varied acceptors allowed a

detailed elucidation of the role of acceptor on the structure of the EDA complex.

First, we note that the relative arrangement between CTTV and acceptor is
distinct in CTTV~DDQ and CTTV~CA crystal structures (Figure 2.8). In
CTTV~DDQ crystal, CTTV and DDQ form one-dimensional arrays with 1:1
stoichiometry (Figure 2.8A). Noteworthy, the mean plane of DDQ is almost
parallel to two adjacent veratrole planes of the two neighbouring CTTV molecules.
The short distances between the DDQ mean plane and centroids of the veratrole
rings of 3.17 and 3.13 A reflect the strength of the donor-acceptor interactions.
Importantly, the distances of Ca-O in the veratrole units that form contacts with
DDQ are 0.8-1.1 pm shorter than those that are free from any contact, indicating an

appreciable charge-transfer character in the formation of the EDA complexes.

Remarkably, the CTTV~CA complex exhibits completely different packing
(Figure 2.8B). Analysis of the crystal structure shows that multiple CH-nt
interaction and n-m interactions are established in the full net of the crystal. The
crystal structure shows that each CTTV molecule is surrounded by four CA
molecules, i.e., each CA molecule interacts with two CTTV molecules, which
corresponds to a 1:2 stoichiometry. The CA molecules are tilted by 20.9°-14.2°
towards to the veratrole rings due to the C-H...Cl hydrogen-bond and C-H-n

interactions.

Finally, we note that open conformation of CTTV was found in both donor-
acceptor complexes, as it allows a maximum number of cofacial n-n contacts

between the veratroles of CTTV and the aromatic moiety of the acceptors.
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According to Mulliken theory,'?* the redox potential of the acceptor directly
affects the strength of the interaction in the charge-transfer complex,!!3!17 thereby
explaining the difference in the acceptor-to-donor stoichiometry in the crystal

structures of CTTV~CA and CTTV~DDQ.
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Figure 2.8 Packing diagrams of EDA complexes CTTV~DDQ (A) and CTTV~CA (B).
(Thermal ellipsoids drawn at 50% probability, solvent molecules and hydrogen atoms
removed for clarity).

Conclusions: Motivated by the interest in identification of novel redox-controlled
actuators, in this manuscript, we sought to identify whether readily available
CTTYV molecule undergoes a conformational reorganization from (open) “sofa”
into a (closed) “boat” conformation upon electron ejection. Synthesis of CTTV via
an improved synthetic approach followed by electrochemical, spectroscopic and
computational analyses showed that in the neutral state CTTV exists in the “sofa”

conformation and upon oxidation undergoes interconversion into a “boat”
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conformation where a pair of cofacially-arrayed veratrole rings effectively
stabilizes cationic charge via charge-resonance. We further examined the electron
donor-acceptor (EDA) complexes of CTTV with CA and DDQ using optical
spectroscopy and X-ray crystallography. In the solid state, CTTV exists in a “sofa”
conformation that is stabilized by the charge-transfer interaction with four and two
acceptor molecules of CA and DDQ, respectively. We believe that these findings
can be applied to the design and synthesis of novel organic functional molecules

based on oxidation-induced mechanical actuation.

Acknowledgement: I thank Dr. Maxim V. Ivanov (University of Southern

California) for DFT calculations and relevant computational works of this chapter.

Experimental

General methods and Synthesis

General methods: All reactions were performed under an argon atmosphere unless
otherwise noted. All commercial reagents were used without further purification unless
otherwise noted. Dichloromethane (Aldrich) was repeatedly stirred with fresh aliquots of
concentrated sulfuric acid (~10 % by volume) until the acid layer remained colorless.
After separation, CH2Cl» layer was washed successively with water, 5% aqueous sodium
bicarbonate, water, and saturated aqueous sodium chloride and dried over anhydrous
calcium chloride. The CH>Cl» was distilled twice from P,Os under an argon atmosphere

and stored in a Schlenk flask equipped with a Teflon valve fitted with Viton O-rings.
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NMR spectra were recorded on Varian 400 MHz NMR spectrometers. UV-vis absorption
spectra were collected with an Agilent 8453 diode array spectrometer, and infrared (IR)
spectra were measured using a Nicolet Magna-IR 560 spectrometer. Electronic
absorption (UV-Vis/NIR) measurements were made on a Cary 5000 instrument. Cyclic
and square-wave voltammograms were measured under inert atmosphere with an epsilon
EC potentiostat (iBAS) at a scan rate of 100 mV/s with 0.1 M [NBu4]PFs electrolyte. The
three-electrode cell consisted of an Ag/AgCl reference electrode, a platinum auxiliary

electrode, and a glassy carbon working electrode.

Synthesis of cyclotetraveratrylene (CTTV)

| 0

o
:©/\OH H,S0,4
—_
0 AcOH, 90 °C

Method A!'%!: A solution of 3,4-dimethoxy benzyl alcohol (1.68 g, 10 mmol) in
glacial acetic acid (20 mL) containing five drops of concentrated sulfuric acid, After
heated to 90 °C for 15 minutes, large amount of precipitate formed in the solution. Solid
crude product was collected by filtration and washed with large amount of water, which
was further purified by many times recrystallization from chloroform/benzene and
chloroform to give cyclotriveratrylene (CTV, 0.88 g, yield 58%) and

cyclotetraveratrylene (CTTV, 0.18 g, yield 12%).



37

| paraformaldehyde |

OD CH5S0,H o O ! CH,S0;H
— — "
o CHClp 1t,3h CH,Cl,, rt, 3h

| I

Method B: Veratrole (0.69g, 5 mmol) and paraformaldehyde (0.3g, 10 mmol)
were dissolved into 9 ml of dichloromethane at room temperature. Then methanesulfonic
acid (1 mL) was added drop wisely into reaction mixture. The color slowly changed to
dark brown. After 3 hours stirring at room temperature, the reaction was quenched with
addition of 40 ml of water. The mixture was filtered and solid residue was washed several
times with water to give brownish color crude product, which was further washed with 20
ml of methanol to give white powder as pure cyclotriveratrylene (CTV, 0.63 g, yield
85%). 'H NMR (CDCl; at 22 °C) 6: 3.57 (d, 3H), 3.84 (s, 18H), 4.78 (d, 3H), 6.83 (s,

6H).

Cyclotriveratrylene (0.54g, 1.2 mmol) was added into 18 ml of dichloromethane
solution containing 2 ml of methanesulfonic acid. Then 3,4-dimethoxybenzyl alcohol
(0.6g, 3.6 mmol) in 5 ml of dichloromethane solution was dropwisely added into the
mixture and stirred for 3 hours at room temperature. After quenched with addition of 40
ml of water, the mixture was filtered and washed several times with water to give
brownish crude product, which was further washed with 20 ml of methanol and easily
recrystallized from chloroform to give colorless crystal as pure cyclotetraveratrylene
(CTTV, 0.76 g, yield 70 %). 'H NMR (CD:Cl; at 22 °C) &: 3.72 (broad, 32 H), 6.60
(broad, 8H). 'H NMR (CD:Cl; at -80 °C) &: 3.18 (d, 4H), 3.48 (s, 12H), 3.77 (d, 4H),

3.85 (s, 12H), 6.22 (s, 4H), 6.82 (s, 4H). "H NMR (CDCl; at 22 °C) &: 3.78 (broad, 32 H),
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6.58 (broad, 8H). 3C NMR (CDCl; at 22 °C) &: 34.99, 54.08, 111.31 (broad), 115.67

(broad), 131.66 (broad), 147.30.

NMR Spectroscopy

"H NMR spectrum of cyclotriveratrylene at 22°C in CDCl3
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"H NMR spectrum of CTTV at -80 °C in CD,Cl,
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"H NMR spectrum of CTTV at 20 °C in CDCl3
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Variable temperature NMR data were recorded on Varian 400 MHz NMR
spectrometers. Sample were prepared by dissolving 5 mg of CTTV in 0.5 mL of CD>Cl,
and CDCl; separately. The results were showed in Figure 2.8 (in CD2Cl> from 20 to -80

°C) and Figure 2.9 (in CDCIl; from 20 to 60 °C).
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Figure 2.9 Variable temperature (VT) NMR of CTTV in CD>Cl; in the range from 20 to
-80 °C. The activation energy for the interchange between four conformers (shown in
Figure 2.10 below) w as estimated to be 14.9 kcal mol™'.
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Figure 2.10 Variable temperature (VT) NMR of CTTV in CDClIs in the range from 20 to
60 °C.
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Figure 2.11 Four interconverted structures of open CTTV.

The activation energy was calculated!® as AG = aT.[9.972 + log (%)], where a

equals to 4.575x10 kcal/mol; Av is the separation in Hz between the two signals at
slow-exchange limit, Av = 21 Hz between peaks at 6.26 and 6.32 ppm; 7. = 20 °C is

coalescence temperature.
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Electrochemistry characterization of CTTV and model complexes

Cyclic and square-wave voltammograms were measured under inert atmosphere
with an epsilon EC potentiostat (iBAS) at a scan rate of 100 mV/s with 0.1 M [NBu4]PFs
electrolyte at -30 °C. The three electrode cell consisted of an Ag/AgCl reference
electrode, a platinum auxiliary electrode, and a glassy carbon working electrode.

Ferrocene was used as internal reference.

-----

{Eox1 =0.70 V

1.0 0.5 0.0
Potential (V vs. Fc)

Figure 2.12 Cyclic voltammograms (CVs, solid lines) and square waves (SWs, dashed
lines) of 2 mM M (top, green color), CTV (middle, blue color) and CTTV (bottom, red
color) in CH>Cl> (0.1 M n-BusNPFg) at a scan rate 100 mV s!.
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Generation of CTTV™ by redox titrations

Electronic absorption spectra of CTTV™ in CH2Cl, at 22 °C were obtained by
quantitative redox titrations using robust aromatic oxidant, i.e. [THEO™SbCls ] (1,4,5,8-
dimethano-1,2,3,4,5,6,7,8-octahydro-9,10-dimethoxyanthracene hexachloroantimonate;

Erea1 =0.67 Vs FC/FC+, )Lmax =518 nm, }\zmax =7300 Cm-l M-l).BO

Figure 2.13 Chemical structures of aromatic oxidant THEO used in redox titrations.

The redox titration experiment was carried out by an incremental addition of
CTTV to the solution of THEO"* where the 1-¢ oxidation of CTTV and reduction of

THEO™ can be described by equilibrium equation:
THEO™+ CTTV 2 THEO + CTTV™ (eq. 1)

Numerical deconvolution!3! of the absorption spectrum at each increment
produced mole fractions of THEO" and CTTV™ against the added equivalents of CTTV
and confirmed a 1:1 stoichiometry of the redox reaction (Figure S6 below reproduced
from Figure 5 in the main text). The experimental plots of mole fraction vs equivalent of

added donor were fitted by varying AG, = ESTTV _ gTHEO™
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Figure 2.14 A: Spectral changes observed upon the reduction of 0.051 mM THEO™ in
CHxClz (3 mL) of 1.49 mM solution of CTTV in CH2Cl; at 22 °C. Inset: the isovalue plot
of spin density distribution in CTTV™. B: Plot of the mole fractions of THEO™* (red) and
CTTV™ (black) against the added equivalents of neutral CTTV. Symbols represent
experimental points, while the solid lines show best-fit to experimental points using AG =
Eox(CTTV) - Ereo(THEO™) = 25 mV. 13!
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Electron donor-acceptor (EDA) complexes of CTTV

The quantitative intermolecular association was evaluated in the form of the KDA
and €CT values for the formation and visualization, respectively, of various
tweezer/acceptor complexes; and the quantitative analysis of the spectrophotometric

absorption changes was treated by the Benesi-Hilderbrand method using the eq. 2:!%7

A 1 1 1
AL — (eq.2)

ACT gctr Kpaécr [D]

In eq. 2, Act is the molar absorbance and .ris the extinction coefficient of the
charge transfer band at the monitoring wavelength. The concentration of the electron
acceptor was kept at least 10 times greater than that of tweezer donors, and a plot of
[A]/ACT versus the reciprocal donor concentration was found to be linear in all
tweezer/acceptor complexation measurements. From the slope [Kp4&cr]! and the
intercept [e-r ], the values of association constant (Kj4) and extinction coefficient (g.7)

were readily calculated.
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CA + CTTV - CTTV~CA (eq. 3)
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Figure 2.15 Spectral changes attendant upon the incremental addition of CTTV
(1.08x10* M) to chloranil (0.022 M) in DCM (left) and Benesi-Hildebrand plot (right).

Kpa =15 M'l, gct= 347 M em ™.

DDQ + CTTV - CTTV~DDQ (eq. 4)
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Figure 2.16 Spectral changes attendant upon the incremental addition of CTTV (6.0x107
M) to DDQ (0.011 M) in DCM (left) and Benesi-Hildebrand plot (right). Kpa = 591 M,

ecr=2066 M cm!.



Table 2.4 Summary of X-ray crystallographic data of CTTV.
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CTTV~DDQ CTTV~CA
Empirical formula C49.55H48.65C111.68N2010 C50H44Cl112012
Formula weight 1246.2 1262.25
Temperature/K 100.15 100(2)
Crystal system triclinic triclinic
Space group P-1 P-1
a/A 10.0667(4) 9.0593(2)
b/A 16.1954(7) 12.1761(2)
c/A 19.0021(8) 12.5506(2)
a/° 111.109(4) 74.4930(10)
pre 94.141(4) 89.5790(10)
v/° 100.255(4) 84.4840(10)
Volume/A3 2812.4(2) 1327.60(4)
z 2 1
Pealeg/cm’ 1.472 1.579
wmm! 5.743 6.256
F(000) 1277 644

Crystal size/mm®

0.286 x 0.103 x 0.017

0.26 x0.16 < 0.10

Radiation

CuKa (A= 1.54184)

CuKoa (A= 1.54178)

20 range for data collection/°

9.028 to 141.55

7.32 to 134.32

Index ranges

-12<h<12,-19<k<19,-23<1<23

-10<h<10,-13<k<14,0<I<
14

Reflections collected

52221

11087

Independent reflections

10686 [Rint = 0.0954, Rsigma =

4379 [Rint = 0.0134,

0.0660] Rsigma =0.0133]
Data/restraints/parameters 10686/129/760 4379/0/423
Goodness-of-fit on F? 0.955 1.069

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

R1=10.0664, wR2 = 0.1840

R1=0.0245, wR2 = 0.0633

Final R indexes [all data]

R1=10.0995, wR2 = 0.2048

R1=0.0252, wR2 = 0.0637

Largest diff. peak/hole / ¢ A~

2.13/-0.49

0.24/-0.29
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Chapter 3

META (1,3) METHYLENE-BRIDGED MACROCYCLIC ARENES:
CALIX[4]ARENES CONFROMATIONAL CHANGE FROM SOLUTION TO
CRYSTAL AND FORM SINGLE CRYSTAL TO SINGLE CRYSTAL
TRANSFORMAITON

The conformations of macrocycle molecules have significant effect on their
interactions with other species as guest. Herein, the alkoxy substituted calix[4]arenes (R4,
T4 and P4) were synthesized and their conformations have been studied both
experimentally and computationally. The results revealed that for the methoxy substituted
species of M*R4 and M°P4 the crystal packing forces can change the conformer from 13-
alternate in solution to boat in solid state (crystal). However, increasing the size of
substituent to ethoxy (¥'R4) or propoxy ("R4) prevent this phenomenon and the
conformation in solution and solid is same (1,3-alternate). However, for the alkoxy
substituted toluene (T4) the length of substituent is not significant and both methoxy
(M°T4) and propoxy (*'T4) substituents showing the conformational change upon the
crystallization. Interestingly, the crystal structure of *'T4 indicated thermal single-crystal
to single-crystal transformation which include the 180° rotation of two propoxy

substituents and slipping of whole molecule upon each other.
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Introduction: Since the first report of calix[4]arene, these molecules showed a
broad spectrum of applications in the host-guest and supramolecular chemistry.!32-136
Moreover, in spite of the long history of this molecules, around a century, even recently
several novel substituted calix[4]arenes are reported.!3” The calix[4]arenes can ideally
show four different conformers (Figure 3.1). Surveying the literature indicate that the
substituents on the aromatic ring have significant effects on the conformation, electronic
properties and the host-guest interactions of this family of arene-based macrocyclic

molecules.!38-140

= partial cone (paco) 1,2-alternate

Figure 3.1 Four possible conformations of calix[4]arenes; the position of all aromatic
protons can be occupied with different substituents (e.g., alkoxy, hydroxyl, methyl, etc.).

To the contrary of the hydroxyl substituted calix[4]arenes which the intra-

)137,141

hydrogen bonding governs the most stable conformer (crown , some other

142

substituents can show conformational flexibility in the solution.'** Konishi and co-
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workers reported the 1,3-alternate conformer for the methoxy resorcino[4]arenes (M°R4)
based on the NMR spectra.!4* Moreover, their results indicated that increasing the size of
the alkyl group do not change the aromatic protons chemical shift, which imply on the
same conformer for different alkyl groups in the solution.!*? In agreement with the NMR
data, the crystal structure of iso-propyl substituted calix[4]arene showed the 1,3-alternate
conformer in the solid state.!** However, later the Leonhardt et al., reported the crystal

structure of M*R4 which showed the boat conformer.!#?

In addition to M°R4, in the 2002, Iwanek et al., reported the synthesis and
complexation of methoxypyragallo[4]arene (M°P4, using 1,2,3-trimethoxybenzene) with
different alkali metals. They reported the crown conformer for the un-ligated and ligated
Mep4 with Na* and K* metals based on the semi-empirical calculations.!* Recently, Neri
and co-workers replaced the middle methoxy group with methyl group (2,6-
dimethoxytoluene, M°T4).!4” In both MP4 and M°T4 molecules the aromatic protons
appeared as a sharp singlet peak around 6.2 ppm which indicates the presence of same
conformer for them. Though, the reported crystal structure of M°T4 revealed the boat

conformer for this molecule in the solid state.!4’

Surveying the reported conformations of MR4, M°P4 and M°T4 raise this question
that which conformer, boat or 1,3-alt, is the lowest energy conformer for methoxy
substituted calixarenes. Herein, in order to answer this question, we synthesized several
different substituted calixarenes (M°R4, F'R4, PR4, P'T4 and M°P4) and scrutinized their
conformations both experimentally and computationally. The results indicated that for the
methoxy substituted calixarenes (M°R4, M°T4 and M°P4) the conformational change occurs

upon the crystallization. The most stable conformer in the solution is 1,3-alternate,
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however, in the solid state the boat conformer is more stable. Though, increasing the size
of the alkyl group to ethyl or propyl prevent this conformational change for R4 system.
To the contrary of R4, this conformational change occurs for both methoxy and propoxy
substituted T4. Notably, the ’'T4 single crystal structure revealed the thermal phase
transformation with significant conformational variation. To the best of knowledge, this
is the first comprehensive experimental and computational study on the solvent and
crystal packing influences on the conformational adjustment of calixarenes. These
phenomena which occur due to the solvation/crystallization and thermal phase
transformation can help us to have a deeper insight about this family of macrocyclic
molecules. Moreover, the results can open a new gate for the future investigations

regarding the application of macrocyclic molecules as the solid state molecular

switch 148,149

Computational details: All density functional (DFT) calculations were carried
out using Gaussian 09 software package.!?? The geometries were fully optimized using
five different DFT functionals (B3LYP, CAM-B3LYP, M06-2X, PBEO and
®wB97XD).15%-154 Double-{ basis sets 6-31G* and Def2-SVP are used for most of the
calculations.!> However, in order to have better insight about the basis set effects, some
of the calculations were repeated using higher basis sets. Moreover, to include the
dispersion corrections, the D3BJ empirical factors are used for three of our selected
functionals (B3LYP, CAM-B3LYP and PBEO)."*¢ In order to simulate the solvation
effects, two implicit solvation models (SMD and PCM) were utilized for all of the
calculations and the results are compared.!!!:!>” The NMR calculations were carried out

using B3LYP-D3BJ functional using Gauge-Independent Atomic Orbital (GIAO) method
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paco N ) boat

Optimized at PBE0-D3BJ/6-31G*+SMD(CH,Cl,) Optimized at PBEO-D3BJ/6-311++G**+SMD(CH,Cl,)

Figure 3.2 Effect of basis set size on the partial cone (paco) conformer; reoptimizing
paco conformer with higher basis set change the structure to more stable boat conformer.
It should be noted that reoptimizing the paco conformer using the optimized geometry
form PBE0-D3BJ/6-31G*+SMD(CH.Cl2) employing M062X/6-31G*+SMD(CH:Cl)
level of theory change the structure to boat conformer too.

and 6-31G* basis set.!>® As depicted in Figure 3.1, there are four possible conformers for
calix[4]arene molecules (boat or cone, 1,3-alt, 1,2-alt and paco). Our calculations
indicated that the last two conformers are not stable, and they will be converted to other
conformers during the optimization. However, for M¢P4, the partial-cone (paco) was
stable using some DFT functionals (e.g. PBEO) and double-( basis sets. But, it will be
optimized to the boat structure using M06-2X functional or triple- basis set (e.g. 6-
311++G(d,p), Figure 3.2). Therefore, we focused on two boat and 1,3-alternate
conformers. In order to verify the conformational flexibility of investigated calixarenes,
the molecular dynamic calculations were performed using MM3 force field as

implemented in the TINKER software package at 300 K. 13°-162

Results and discussion: The alkoxy substituted calix[4]arenes were synthesized
using methanesolfunic acid (MeSO3zH) as the catalyst for the condensation of 1,3-

dimethoxybenze, and 1,2,3-trimethoxybenzene with paraformaldehyde (Scheme 3.1).



56

This Bronsted acid showed promising results for the synthesis of several macrocyclic
systems including Pillarenes, Calixarens and CTTV.?*14%163 The methoxy substituted
resorcino[4]arene (M°R4) showed poor solubility in chloroform. Therefore, in order to
improve the solubility and also investigate the effects of the substituents size on the
conformations, we synthesized the 1,3-diethoxybenzene and 1,3-dipropoxybenzene and
condensation reactions have been carried out under the same condition to yield the R4
and P"R4 (see the Experimental section for more details). It seems that the condensation
of 2,6-dimethoxytoluene with paraformaldehyde is not feasible using Bronsted acids
(e.g., MeSOsH or CF3COOH); therefore, we synthesized the P'T4 molecule using Lewis
acid (BF3-Et,0).'%” All structures are confirmed by NMR and MALDI-TOF mass
spectroscopies. Moreover, the crystal structures of R4, P'R4, P'T4 and M°P4 are reported

for the first time by our group. The crystal structures of M°R4 and M°T4 have been

reported previously. 4147
Y e
° CH.O Cat.
+ (CH
(CHz0), Solvent
X =H (MeR4) 4
X = Me (MeT4)

X = OMe (MeP4)

Scheme 3.1 The general synthesis method of M°R4, M°T4 and M<P4.,

As aforementioned, the crystal structure of resorcino[4]arene (M°R4) showed the
boat conformer as the most stable structure.!* However, the NMR data suggested that in

the solution the 1,3-alternate is preferred. In order to overcome the poor solubility of
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Mep4, PrP4 is synthesized. The 'H NMR of both molecules are depicted in the Figure 3.3.
The aromatic protons showed two sharp peaks for both molecules, 6.19 and 6.42 ppm for
Mep4 and 6.27 and 6.37 ppm for P'R4. Also, the bridge CH> group showed very close
chemical shift 3.69 and 3.73 ppm for MP4 and "R4, respectively. Identical 'H NMR data
imply on the presence of similar conformational structure for both M°R4 and P"R4
calix[4]arenes. But, to the contrary of same NMR spectra, the crystal structure of "R4
showed twisted 1,3-alternate (*¥**1,3-alt) conformer which is different with the reported
crystal structure of M*R4 which has shown the boat conformer. Therefore, in order to
clarify the most stable structure of MR4 and also evaluate the effects of solvents, these

three conformers (boat, 1,3-alt and ™5'1,3-alt) were investigated computationally.

| |
boat 1,3-alternate | l.fs
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1N
g I \I/\ro /
O
\o%o/ gvo
[
_.LJ. e
6.5 6.0 55 5.0 4.5 4.0 3.5 3.0
M PR
6.5 6.0 55 5.0 4.5 4.0 35 3.0
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6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0
Chemical Shift, ppm

Figure 3.3 '"H NMR spectra of M°R4 (green) and P"R4 (red) at 20 °C in CDCl3 and
calculated '"H NMR spectra (blue) of 1,3-alternate conformer of M°P4 using B3LYP-
D3BJ/6-31G(d)+SMD(CH2CL).
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The results of DFT calculations are listed in the Table 3.1. Regardless of the
functional or basis set, the boat conformer is more stable. Moreover, the ™51 3-alt which
match with the crystal structure of "'R4 is more stable than the regular 1,3-alt conformer.
Among the examined functionals, the M06-2X showed the lowest energy differences
(around 1 kcal/mol) between the boat and ™5'1,3-alt conformers. Therefore, the
optimizations were carried out using higher basis set (6-311++G(d,p) and Def2-TZVPP
using SMD(CH2Cly)). The results reveled that increasing the size of the basis set will
increase the energy gap to 1.3 and 1.4 kcal/mol for Pople and Ahlrichs triple-{ basis sets,

respectively.

Table 3.1 The relative free energies (AG, kcal/mol) of different conformers of M°R4
using SMD and PCM (values in the parenthesis) solvation models (CH2Cly).

B3LYP CAM-B3LYP MO062X PBE0 B97XD
6-31G*

boat  0.0[0.0] 0.0[0.0] 0.0[0.0] 0.0[0.0] 0.0[0.0]
13-alt  52[3.1] 49[41] 8.7[8.3] 5.6[3.8] 4.9[5.0]
wist] 39t 3.4[4.3]  3.4[2.8  12[13] 26[2.1] 2.1[2.7]
Def2-SVP

boat  0.0[0.0] 0.0[0.0] 0.0[0.0] 0.0[0.0] 0.0[0.0]
13alt  60[1.7] 49[34] 7.8[57] 5.0[52] 6.2[4.7]
wist] 301t 4.1[4.8]  3.5[3.7] 0.6[02] 29[3.6] 2.9[4.6]

To the contrary of relative free energies, the calculated '"H NMR spectrum of
twist] 3-alt conformer is in very good agreement with the experimental data (Figure 3.3).
The calculated '"H NMR chemical shift for the aromatic protons is 6.34 and 6.25 ppm
which are very close to the experimental result, 6.42 and 6.19 ppm. Also, the predicted

"H NMR of bridge CH> groups (3.56 ppm) and non-aromatic CHsz groups (3.93 ppm) are
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in very good agreement with the experimental data (3.69 and 3.78 ppm, respectively).
However, the calculated '"H NMR of the less stable conformer (1,3-alt) showed more
deviation from the experimental data. The chemical shifts of aromatic protons are 6.60
and 5.90 ppm. These data and also the relative energies (Table 3.1) indicating the very
low probability of the existence of this conformer in the solution. Also, the boat
conformer should show four different aromatic peaks which disagrees with the
experimental outcomes. Evaluating the experimental vs. computational data suggesting
that the present implicit solvation models are not able to properly simulate the solvation
effects on the conformational stability of M°R4. Therefore, the explicit solvent (CHCI3)
effects were simulated using the ONIOM method by employing 171 CHCIl3 molecules.'®*
The M®R4 and solvent molecules were optimized using M06-2X/6-31G(d) and UFF
molecular mechanic force field, respectively (Figure 3.4).!%° The results revealed that the
twist] 3_alt conformer is around 6.7 kcal/mol more stable than the boat conformer. The
results of the ONIOM method and also the crystal structure of R4 indicating that the
twisted 1,3-alternate is the most stable structure of MR4 in solution. However, the crystal
packing forces push the methoxy substituted molecule toward the other conformer (boat).
Moreover, the same conformer of E'R4 (according to NMR and single x-ray crystal
structure, see the Experimental section) suggesting that this conformational change is

only feasible for methoxy substituted R4 species.
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Figure 3.4 The optimized structures of ™1 3-alt (A) and boat (B) conformers of M°R4
using ONIOM(MO06-2X/6-31G*:UFF) method.

The M°T4 molecule (X = Me, see Scheme 3.1) showed similar condition as the
MeR4. The 'H NMR data of M°T4 showed one sharp singlet peak at 6.19 ppm in CDCl3.'%
Very much alike to methoxy substituted, the P'T4 showed identical chemical shift (6.18
ppm) for the aromatic protons (see the Experimental section). Moreover, the variable

temperature '"H NMR of P"'T4 (from 20 °C to -70 °C in CD>Cl») showed negligible upfield
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shift from 6.19 at 20 °C to 6.04 at -70 °C, which imply on the presence of same
conformation at the investigated temperature range. This conformer should have same
environment for all aromatic protons of these molecules which imply on the only possible
conformation which following this condition (1,3-alt, see Figure 3.1). To the contrary of
"H NMR, the single crystal structure of both T4 and *"'T4 showed the boat conformer.
Therefore, the relative free energies of M°T4 conformers (boat, ™1,3-alt and 1,3-alt)

were evaluated using DFT methods.

The calculated relative free energies of the M°T4 are listed in the Table 3.2. The
boat conformer has shown to be the most stable structure at the investigated level of
theories. Also, it seems that the employed basis sets and implicit solvation models do not
alter the relative energies significantly. In contrast to the implicit solvation models (SMD
and PCM), simulating the solvation effects using 171 explicit chloroform molecules
(ONIOM(M06-2X/6-31G(d):UFF)) revealed that the "1 3-alt conformer is around the
3.1 kcal/mol more stable than the boat conformer which agrees with the experimental
data. To the contrary of twisted structure, simulating the solvation effects explicitly
increased the instability of regular 1,3-alternate conformer to around 14.4 kcal/mol.
Therefore, the results revealed that the ™51, 3-alt is the most stable conformer in the
solution and crystal packing forces (intermolecular dipole-dipole, steric and hydrogen
bonding interactions) are possible reasons for conformational changes form solution to

crystal state,!6-168
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Table 3.2 The relative free energies (AG, kcal/mol) of different conformers of M°T4 using
SMD and PCM (values in the parenthesis) solvation models (CH2Cl).

B3LYP CAM-B3LYP MO062X PBE0 B97XD
6-31G*

boat  0.0[0.0]  0.0[0.0] 0.0[0.0] 0.0[0.0] 0.0[0.0]
13-alt  2.0[4.1] 3.6[3.8] 8.1[6.0] 49[3.1] 3.6[5.5]
wist] 30t 4.3[4.5]  3.9[52]  3.7[12] 2.7[2.8] 2.5[2.1]
Def2-SVP

boat  0.0[0.0]  0.0[0.0]  0.0[0.0] 0.0[0.0] 0.0[0.0]
13-alt  3.4[24] 43[3.6] 5.0[6.8] 2.6[3.8] 5.3[4.3]
wist] 30t 2.5[6.2] 47[3.7] 1.5[3.4] 2.8[2.8] 4.5[3.2]

In order to evaluate the effects of the alkoxy chain length on the single crystal
structure packing, the crystal structure of *'T4 is obtained by slow evaporation of
chloroform/methanol solution. Opposite to the observed condition for R4 system, the
single crystal of ''T4 showed boat conformer, resembling M°T4, which means that the
alkyl chain length cannot prevent the conformational change of T4 species form solution
(1,3-alt) to solid state (boat). Interestingly, the crystal structure of *'T4 showed dramatic
thermal conformational change in the solid state. Three possible single crystal structures
are obtained. Figure 3.5 illustrating two of them at the 250 K and 100 K before and after
the phase transition, respectively. The crystals undergo a phase transition at ~240 K and
break down mechanically on sharp cooling. The parameters for the third structure which
obtained at 210 K are shown in the experimental section. In general, all of the acquired
single crystal structures for "'T4 molecule adopt a boat conformation, but a different one

from the previously reported for methoxy substituent (McT4).147
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Figure 3.5 The crystal structures of "'T4 at 250 K (left) and 100 K (right) with 50%
probability; the hydrogens are omitted for more clarity and outlying (non-cofacial
benzenes) propyl groups are shown in golden.

In the crystals, the molecules are associated pairwise with their flat sides which
formed by the outlying rings to form centrosymmetrically overlapping. However, the
overall overlap is markedly different at low and high temperature. At low temperature
only one benzene ring overlaps with its inversion analog forming a homo couple. At the
higher temperature, different rings overlap, forming two hetero couples. However, the
rings in these couples are additionally shifted across the long axes of the molecules, as
oppose to the overlap observed at low temperature. In both cases, there is no actual
stacking interaction and the molecules mostly interact over weak C-H...pi contacts. The
cofacial benzene rings are almost parallel to each other with dihedral angle between their
mean planes just 4.3°; this value is around 8.6° in the 100 K structure. Moreover, the
roughly equal plane-centroid distance (~4.9 A) is observed for crystals at low and high
temperatures. However, the outlying benzene rings are oriented differently. Whereas in
the 250 K structure, one of the rings has an outlying pseudo-exo orientation, the opposite

ring is endo-oriented. This pattern changed after phase transformation at low temperature
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and both rings are shown pseudo-exo orientation. There is no cleft between these rings,
and their planes are essentially parallel, but not co-planar. The another major different
between low and high temperature structures is the different orientation of non-
conjugated propoxy groups (OPr); in the high-temperature, the OPr substituents at one of
the outlying benzene rings are exo-oriented and at the another one is endo-oriented.
Whereas at low temperature all propoxy groups are endo-oriented. In contrast to the 180°
rotation of two OPr groups of non-cofacial benzene rings, the OPr groups at the cofacial
benzene rings showed similar alternating endo-exo orientations before and after the phase
transformation. The third molecular structure which obtained immediately after the phase
transition (210 K) is almost totally disordered. Basically, it represents a superposition of
80% conformer of observed structure at 100K and 20% of observed pre-transition

structure at 250K (see SI).

The last analogous investigated molecule is the methoxypyragallo[4]arene (M<P4,
X = OMe, see Scheme 3.1). The 'H NMR of M¢P4 in CDCl; is illustrated in the Figure
3.6. The '"H NMR in different solvents and '3C NMR spectra are provided in the
Experimental section. As depicted in the Figure 3.6, the 'H NMR of M¢P4 showed one
sharp singlet peak for the aromatic proton in CDCIl3 (6.20 ppm). This spectrum is
consistent in the other solvents (DMSO-Ds, Aceton-Ds and CD3;CN) which indicate that
the polarity of the solvent cannot change the conformer.!%® Moreover, the variable
temperature '"H NMR (form -50 °C to 100 °C using CDCls and DMSO-Ds solvent,
respectively) study did not show any broadening or emerging of new peaks which implies
on the single stable conformer of M¢P4 in the investigated solvents and temperature range.

Similar to the R4 and T4 cases, this conformer should have same environment for the



aromatic protons which imply that the only possible conformer is 1,3-alternate (see

Figure 3.1).
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Figure 3.6 '"H NMR spectra of M*P4 at 20 °C in CDCIs (red) and calculated '"H NMR
spectra (blue) of 1,3-alternate conformer of M°P4 using B3LYP-D3BJ/6-

31G(d)+SMD(CHCL).

However, growing the crystal structure using slow evaporation of M*P4 in

DCM/CH;CN, yielding another conformer (boat). Therefore, in order to evaluate the
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stability of these two conformers, comprehensive computational calculations were carried

out. As listed in the Table 3.3, all selected DFT methods indicated the boat conformer as

the most stable structure. However, their energies are not in close range (1.9 to 6.6

kcal/mol). Also, the PCM solvation model, in comparison to SMD, indicated higher

energy differences between these two conformers. Moreover, we examined the effects of
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different atomic radii (Bondi, Pauling, UAO, UAHF, UAKS) using PBE0-B3BJ/6-
31G*+PCM(CH2Clz). However, all of them indicated almost similar energy gap between
boat and 1,3-alt conformers. In contrast to R4 and T4, we were not able to optimize the

twisted 1,3-alternate conformer for this molecule.

Table 3.3 The relative free energies (AG, kcal/mol) of different conformers of M°P4 using
SMD and PCM (values in the parenthesis) solvation models (CH2Cl).

B3LYP CAM-B3LYP MO062X PBE0 B97XD
6-31G*

boat  0.0[0.0] 0.0[0.0]  0.0[0.0] 0.0[0.0] 0.0[0.0]
13-alt  2.7[44] 27[51] 53[6.6] 2.8[42] 4.7[3.2]
Def2-SVP

boat  0.0[0.0]  0.0[0.0]  0.0[0.0] 0.0[0.0] 0.0[0.0]
13-alt  1.9[4.8] 34[48] 45[56] 3.2[5.1] 1.9[3.7]

In opposition to the calculated free energy differences using DFT, comparing the
calculated "H NMR with the experimental results showing the 1,3-alternate conformer as
the corresponding structure in solvent (Figure 3.6). The calculated '"H NMR chemical
shift for the aromatic proton is 6.26 ppm which is in good agreement to the experimental
result (6.20 ppm). The calculated '"H NMR chemical shifts for aromatic protons of boat
conformer showing two different values (6.57 and 6.18 ppm) which are not in agreement
with the experimental results. Evaluating the experimental vs. computational data
suggesting that the presents implicit solvation models are not able to properly simulate
the solvation effects on the conformational stability of M¢P4. In order to prove our data
with more accuracy, the solvation effects are simulated using the ONIOM method. The
results revealed that the 1,3-alt is around 3.1 kcal/mol more stable than the boat

conformer in this solvent. This value means that the explicit solvation model can reverse
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the relative free energy around 8 kcal/mol in favor of 1,3-alt conformer (Figure 3.7).
Comparing the implicit solvation models results with the QM/MM and experimental
NMR data showing the implicit solvation models are not reliable for accurate
conformational investigation of these species. Thus, we believe that the inclusion of the
explicit solvent is vital for obtaining more reliable computational evaluation of relative

stability of calixarenes conformers.

Figure 3.7 The optimized structures of 1,3-alt (A) and boat (B) conformers of M°P4 using
ONIOM(MO06-2X/6-31G*:UFF) method.



68

Conclusion: Several alkoxy substituted calix[4]arenes were synthesized and their
conformational variation are studied both experimentally and computationally. The
results (NMR and ONIOM) revealed that in all methoxy substituted molecules (M°P4,
MeT4 and M°R4) the 1,3-alternate is the most stable structure in solution. Moreover, the
results indicated that the present implicit solvation models cannot simulate the real
solvation effects properly. All employed methods indicated the boat conformer as the
most stable structure in the solution which is in direct contrast with the experimental data.
To the contrary of implicit solvation models, simulating the solvent effects using ONIOM
calculations can represent the correct conformer in the solution media. Due to the crystal
packing forces, these molecules prefer to crystalize in the boat confirmation. Though,
increasing the size of the substituent (e.g., R4 or P'R4) can prevent this conformational
change. However, this effect has not been observed for the P'T4 system. Interestingly, the
PrT4 system showed the single-crystal to single-crystal transformation upon the
temperature variation. The results can help us to have better insight about the macrocyclic
molecules, especially calix[4]arenes, conformational properties and how the intera and
intermolecular, calix[4]arene-calix[4]arene and calix[4]arene-solvent, can have
significant role in the observed conformer in the solution or solid phases. Moreover, the
results raised a new challenge for the implicit solvation models to refining/optimizing
their parameters for more accurate simulation of solvent media for supramolecular

chemistry.
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Experimental

General methods and synthesis

All reactions for the synthesis of calixarenes were performed under argon
atmosphere unless otherwise noted. NMR spectra were recorded on Varian 300 and 400
MHz NMR spectrometers. Mass spectra were recorded on Bruker Daltonics MALDI-

TOF mass spectrometer.

The 1,3-dialkylbenzene (alkyl = Ethyl, Propyl) were synthesized using the
Resorcinol and alkyl bromide (2.2 eq) in the DMF as the solvent and KOH (2.2 eq) as the
base. The reaction stirred for 30 h at 65 °C and 30 °C for propyl and ethyl, respectively.
The reaction cooled down to room temperature and water was added to the solution. The
organic product has been extracted using DCM. The solvent has been evaporated under
low pressure to obtain a brownish oil. The product (colorless oil) has been purified using
the flash column using pure hexanes. The purity of the product has been confirmed using
the "TH-NMR and '*C-NMR (see the NMR section). The yield for Ethyl and Propyl was

55% and 83%, respectively.

HO OH RO OR
DMF, 30 h

1eq 22eq 2eq Yield = 55-83%

The 2,6-diproxytoluene was synthesized using the 2-methyresorcinol and 1-
Bromopropane (2.2 eq) in the DMF as the solvent and KOH (2.2 eq) as the base. The
reaction stirred for 30 h at 65 °C. The reaction cooled down to room temperature and

water was added to the solution. The organic product has been extracted using DCM. The
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solvent has been evaporated under low pressure to obtain a brownish oil. The product
(colorless oil) has been purified using the flash column using pure hexanes. The purity of
the product, yield 80%, has been confirmed using the "TH-NMR and '*C-NMR (see the

NMR section).

HO OH Pro OPr
DMF, 65 °C, 30 h
+ PrBr + KOH

1eq 22eq 2eq Yield = 80%

MeR4, E'R4 and P'R4 synthesis: To a solution of 1,3-dialkylbenzene (5 mmol, R =
Methyl, Ethyl and Propyl) in dichloromethane (DCM, 30 ml), paraformaldehyde was
added (0.3 g, 10 mmol, 2.0 eq) under the Argon atmosphere. Then, the methanesulfonic
acid (0.1 ml, 0.15 mmol) was added at one portion. The mixture was stirred at the room
temperature for 12 h. The reaction has been quenched by adding saturated sodium
bicarbonate solution (30 ml) to the Schlenk flask and letting it stir vigorously for 30 min.
The organic layer has been separated using the separatory funnel. The DCM has been
evaporated under the vacuum. The solid has been washed with methanol (20 ml * 3
times) and then washed one time with acetone (20 ml). For MR4 the product has been
washed with boiling ethyl acetate. The pure products have been confirmed using the 'H-

NMR, BC-NMR and MALDI-TOF spectroscopy techniques (yield = 73-83%).

OR

R
RO R CH,Cl,, RT ° O
\©/+ (CH,0)n s

MeSO3H, 12 h
R = Me, Et and Pr
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MeR4: mass 0.61 g, yield 80%; MALDI Mass (calculated: 600.27; experimental:
599.13); 'H-NMR (CDCl; at 20 °C, collected over 8 h) 8: 3.69 (s, 8H), 3.78 (s, 24H),

6.19 (s, 4H), 6.41 (s, 4H).

ER4: mass 0.65 g, yield 73%; MALDI Mass (calculated: 712.40; experimental:
712.10); 'TH-NMR (CDCls at 20 °C) &: 1.31 (t, 24H), 3.71 (s, 8H), 3.94 (q, 16H), 6.25 (s,
4H), 6.38 (s, 4H); *C-NMR (CDCl; at 20 °C) &: 15.20, 28.18, 64.48, 98.20, 121.81,

131.09, 155.71.

PrR4: mass 0.85 g, yield 83%; MALDI Mass (calculated: 824.52; experimental:
824.45); 'TH-NMR (CDCls at 20 °C) &: 0.97 (t, 24H), 1.72 (sext, 16H), 3.73 (s, 8H), 3.84
(t, 16H), 6.27 (s, 4H), 6.37 (s, 4H); 3C-NMR (CDCl; at 20 °C) &: 10.75, 22.98, 28.12,

70.37,97.87,121.65, 131.06, 155.79.

PrT4 synthesis: To a solution of 2,6-dipropoxytoluene (5 mmol) in
dichloromethane (DCM, 30 ml), paraformaldehyde was added (0.3 g, 10 mmol, 2.0 eq)
under the Argon atmosphere. The reaction cooled down using the ice bath. Then, the
BF3.Et20 (1 ml, 15 mmol) was added at one portion. The mixture was stirred over the
night (0 °C = RT). The reaction has been quenched by adding saturated sodium
bicarbonate solution (30 ml) to the Schlenk flask and letting it stir vigorously for 30 min.
The organic layer has been separated using the separation funnel. The DCM has been
evaporated under the vacuum. The pure product has been purified using the flash column
(Hexane/Ethyl acetate = 100/30). The purity of the product has been confirmed using the
'"H-NMR, "*C-NMR and MALDI-TOF spectroscopy techniques (yield = 85%). The
MALDI-TOF spectrum is collected by dissolving the pure product in potassium acetate

solution in DCM.
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RO OR
RO OR CH,Cl,, 0 °C-RT O
+ (CH,0)n 2~ _

BF3, 12 h

R =Pr

PrT4: mass 0.94 g, yield 85%; MALDI Mass (calculated: 880.59; experimental:
880.76); 'TH-NMR (CDCls at 20 °C) &: 0.99 (t, 24H), 1.72 (sext, 16H), 2.15 (s, 12H), 3.63
(t, 16H), 3.83 (s, 8H), 6.18 (s, 4H); 3*C-NMR (CDCl; at 20 °C) &: 10.13, 10.72, 23.69,

29.52,74.31, 123.73, 128.94, 154.88.

Mep4 synthesis: To a solution of 1,2,3-trimethoxybenzene (5 mmol) in
dichloromethane (DCM, 30 ml), paraformaldehyde was added (0.3 g, 10 mmol, 2.0 eq)
under the Argon atmosphere. Then, the methanesulfonic acid (0.1 ml, 0.15 mmol) was
added at one portion. The mixture was stirred at the room temperature for 12 h. The
reaction has been quenched by adding saturated sodium bicarbonate solution (30 ml) to
the Schlenk flask and letting it stir vigorously for 30 min. The organic layer has been
separated using the separatory funnel. The DCM has been evaporated under the vacuum.
The product has been purified using column (Hexane/Ethyl acetate = 100/5). The pure
products have been confirmed using the 'H-NMR, *C-NMR and MALDI-TOF

spectroscopy techniques (yield = 22%).
OR
OR

RO OR
RO OR CH,Cl,, RT O
+ (CH0)n Cad
MeSO3H, 12 h

R = Me
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Mep4: mass 0.20 g, yield 22%; MALDI Mass (calculated: 720.31; experimental:
720.68); 'H-NMR (CDCl3 at 20 °C) &: 3.75 (s, 24H), 3.79 (s, 8H), 3.88 (s, 12H), 6.20 (s,

4H); 13*C-NMR (CDCls at 20 °C) &: 29.20, 60.66, 60.70, 125.12, 129.33, 146.19, 150.06.

'H- and 3C-NMR spectra of calixarenes and reactants.
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13C NMR spectrum of ’'T4 (CDCls, 20 °C)
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"H NMR spectrum MeP4 (CDCls, 20 °C)
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"H NMR spectrum MeP4 (DMSO-Ds, 100 °C)
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"H NMR spectrum MeP4 (CD;CN, 20 °C)
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13C NMR spectrum of MeP4 (CDCls, 20 °C)
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13C NMR spectrum of P'R4 (CDCl3, 20 °C)
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13C NMR spectrum of R4 (CDCl3, 20 °C)
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"H NMR spectrum of 1,2,3-trimethoxybenzene (CDCls, 20 °C)
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"H NMR spectrum of 1,3-diproxybenzene (CDCls, 20 °C)
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"H NMR spectrum of 1,3-diethoxybenzene (CDCls, 20 °C)
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"H NMR spectrum of 1,3-dimethoxybenzene (CDCls, 20 °C)
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"H NMR spectrum of 2,6-diproxytoluene (CDCl3, 20 °C)
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MALDI-TOF data
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Table 3.4 Summary of X-ray crystallographic data collection of ®'R4 and R4,

Identification code kadlh ('R4) kad1f (*"R4)
Empirical formula CasHe2010 Cs2H7208
Formula weight 762.94 825.09
Temperature/K 100.05 (10) 100.15
Crystal system triclinic monoclinic
Space group P-1 P2i/n
a/A 12.1752(4) 15.0375(6)
b/A 12.5842(3) 13.5431(5)
c/A 15.2418(4) 23.7954(10)
a/° 104.549(2) 90
pre 97.243(2) 99.490(4)
v/° 106.190(2) 90
Volume/A3 2121.90(11) 4779.7(3)
47 2 4
Pealeg1.47/cm? 1.194 1.147
wmm'! 0.672 0.599
F(000) 824.0 1792.0

Crystal size/mm®

0.42 x0.03 x0.03

0.584 % 0.239 x 0.118

Radiation

CuKa (A= 1.54184)

CuKa (A= 1.54184)

20 range for data collection/°

7.67 to 141.504

7.534 to 145.558

Index ranges

-14<h<14,-15<k<15,-18<I< 18

-13<h< 18, -16<k< 16, -29 <1 <28

Reflections collected

37900

42676

Independent reflections

8046 [Rin=0.0516, Rejgma= 0.0275]

9102 [Rint =0.0558, Reigma=0.0307]

Data/restraints/parameters

8046/0/477

9102/0/560

Goodness-of-fit on F?

1.028

1.095

Final R indexes [I>=20(I)] Ri1=0.0543, wR> = 0.1485 Ri1=0.0580, wR2> = 0.1642

Final R indexes [all data] Ri1=0.0600, wR2> = 0.1559 Ri1=0.0756, wR> = 0.1892

Largest diff. peak/hole / ¢ A~ 0.96/-0.38 0.46/-0.34
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Table 3.5 Summary of X-ray crystallographic data collection of P4 and *'T4 (100 K,

kadlix).
Identification code raj29m4 (MP4) kadlix (*'T4)
Empirical formula C40Ha43012 CseHsoOs
Formula weight 720.78 881.20
Temperature/K 100.15 99.8(4)
Crystal system Triclinic triclinic
Space group P-1 P-1
a/A 9.16095(18) 12.9716(3)
b/A 17.9495(3) 13.0379(3)
c/A 22.5941(3) 14.9706(3)
a/° 103.8575(14) 95.6026(16)
pre 95.1560(14) 92.8626(16)
v/° 97.6996(15) 94.0129(16)
Volume/A3 3545.76(11) 2509.49(9)
V4 4 2
Pealeg/cm’ 1.350 1.166
wmm'! 0.821 0.599
F(000) 1536.0 960.0

Crystal size/mm®

0.358 x 0.254 x 0.166

0.332 x0.233 x 0.093

Radiation

CuKa (A = 1.54184)

CuKa (A = 1.54184)

20 range for data collection/°

9.822 to 141.334

6.832 to 141.226

Index ranges

-11<h< 11, -21 <k< 21, -27< 1< 27

-15<h< 15, -15<k<15, -18<1< 18

Reflections collected

60090

45942

Independent reflections

13284[Rin=0.0924, Rsigma=0.0449]

9537[Rin=0.0262,Rsigma=0.0171]

Data/restraints/parameters

13284/0/961

9537/0/589

Goodness-of-fit on F?

1.030

1.037

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

Ri=0.0884, wR> = 0.2378

Ri1=0.0359, wR> = 0.0935

Final R indexes [all data]

Ri1=0.0942, wR> = 0.2457

R1=0.0411, wR2 = 0.0981

Largest diff. peak/hole / ¢ A~

1.03/-0.53

0.45/-0.24
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Table 3.6 Summary of X-ray crystallographic data collection of *'T4 (250 K, kad1j) and

PrT4 (210 K, kadli).
Identification code kadlj (*"'T4) kadli (*'T4)
Empirical formula Cs6HsoOs Cs6HgoOs
Formula weight 881.20 881.20
Temperature/K 250.00(14) 210.05(10)
Crystal system triclinic triclinic
Space group P-1 P-1
a/A 12.6612(4) 13.0566(3)
b/A 14.1198(3) 13.1211(3)
c/A 15.7544(4) 15.1852(3)
a/° 104.714(2) 92.7541(18)
pre 96.728(2) 96.9186(18)
v/° 99.499(2) 94.0236(18)
Volume/A3 2649.12(12) 2571.97(10)
V4 2 2
Pealeg/cm’ 1.105 1.138
wmm'! 0.568 0.585
F(000) 960.0 960.0

Crystal size/mm®

0.463 x 0.398 x 0.177

0.372 x 0.238 x 0.093

Radiation

CuKo (A = 1.54184)

CuKo (A = 1.54184)

20 range for data collection/°

7.18 to 141.192

6.84 to 141.194

Index ranges

-15<h<15, -17< k<17, -19< I£17

-15<h<15, -16< k< 15, -18<I<18

Reflections collected

48412

46925

Independent reflections

10031[Rin=0.0194, Ryigma=0.0116]

9768 [Rin=0.0241, Reigm=0.0143]

Data/restraints/parameters

10031/6/636

9768/139/692

Goodness-of-fit on F?

1.065

1.044

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

R1=0.0748, wR2 = 0.2460

R1=10.0581, wR2=0.1717

Final R indexes [all daa]

R1=10.0844, wR2 = 0.2636

Ri1=10.0666, wR> = 0.1837

Largest diff. peak/hole / ¢ A~

0.40/-0.22

0.57/-0.35
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Chapter 4

PARA (1,4) METHYLENE-BRIDGED MACROCYCLIC ARENES:
HIGHLY SELECTIVE SYNTHESIS OF PILLAR[#]ARENE (n =5, 6)

0'

Ny MeSO,H MeSO,H

(CH,0), (CH,0),

chel, ' cHel,
R,

An efficient and highly selective synthetic method toward the preparation of
pillar[n]arenes (n=5, 6) is reported, based upon a high solvent-dependent selectivity
found in the condensation reaction between 1,4-dialkyloxybenzene and
paraformaldehyde, involving methanesulfonic acid as catalyst. Pillar[6]arene (P6) is
obtained as the major product when using chloroform as solvent, while in
dichloromethane pillar[5]arene (P5) is the dominant product. Accordingly, a series of P5

and P6 have been selectively synthesized with excellent yield.
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Introduction: In recent years, Ogoshi et al. and Cao et al. have discovered a

novel supramolecular family,5>170

pillar[n]arene, with a tubular and rigid macrocyclic
structure, which has been applied in molecular recognition, asymmetric synthesis and
polymer materials,!71-172181-188.173-180 The development of pillar[n]arene (n=5-15) with
different cavity sizes has significantly extended this field, affording an expanded variety
of host-guest interactions dependent on the size of the pillarene cavities.®®!% Recently,
Rathore and coworkers have found that the cation radical of dimethoxy-pillar[5]arene can
self-assemble in two-dimensional (2—-D) arrays while maintaining both intra- and
intermolecular electronic coupling (Figure 4.1), suggesting that pillarenes are a
promising material toward achieving long-range charge transfer.!*° In this work, we thus
focus on pillar[n]arene (n=5,6). Compared with pillar[5]arene, pillar[6]arene has a more
symmetrical structure, hexagonal, which more easily leads to self-assembly and the
formation of 2—D structures with long-distance charge transfer properties. However,
selective synthesis of pillar[n]arenes is usually difficult, because the formation of these
macrocycles occurs through a kinetically controlled cyclization process. Therefore, it is

desirable to develop a more efficient synthetic method for the preparation of specific

pillar[n]arenes, such as a pillar[6]arene.
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Figure 4.1 Two-dimensional arrangement of pillarene molecules in [MP5!->*(SbCle); s,
left] and a close-up view of three intermolecular dimeric contacts ~3.3 A of phenyl rings
(right).?

The pillar[6]arene was firstly synthesized by Cao and coworker at 2009.! In the
literature, two primary methods to synthesize pillar[6]arene (P6) have been reported. The
first involves the direct synthesis of P6 from 1,4-dialkyloxybenzene and
paraformaldehyde using a Lewis/Bronsted acid as catalyst.!”!!2 However, the yield of P6
by this method usually does not exceed 40%, and thermodynamically stable PS5 is the
major product. Several research groups studied the effects of solvents, catalysts, and
additives on the efficiency of P6 synthesis using this approach.!”!~1** An alternative
method involves self-condensation of the intermediate 2,5-alkoxybenzyl alcohol or
bis(alkoxymethyl)-1,4-dialkoxybenzene using a Lewis/Bronsted acid as catalyst.!7%-194
The synthesis of these intermediates usually requires multiple steps, which make this
method time-consuming and afford low overall yield.!*> In order to overcome these
mentioned drawbacks, recently, templated reactions have begun to be widely considered

in the synthesis of P6. For example, Fabris, Scarso and coworkers reported the synthesis
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of P6 using the cation template,'*¢

while Ogoshi and coworker reported the use of
chlorocyclohexane as solvent template to afford highly selective synthesis of P6.%
However, this method is limited due to solubility issues, i.e., simple chain-like substitute
P6 cannot be produced in this condition with high yield and selectivity. Therefore, the

synthesis of more applicable chain-linked P6 with higher yield and selectivity is an

ongoing goal.

R
/ R R P R R
Q / o’ o} / /
0 paraformaldehyde paraformaldehyde 0 0
CH,SO5H CH3SO5H
CH,Cl, CHCl, @
0 0 O P
O / 4 / O /
/ K R R R/ R

R

Figure 4.2 Solvent dependent synthesis of P5 and P6 involving CH3SO3H as catalyst.

More recently, our group has demonstrated that methanesulfonic acid is an
efficient catalyst for preparation of macrocycle molecules.?’ Accordingly, a series of
macrocyclic molecules (e.g., cyclotriveratrylene (CTV), cyclotetraveratrylene (CTTV)
and dodecamethoxycalix[4]arene) have been generated with high yield. Motivated by
these results, we explored whether methanesulfonic acid can serve as an efficient catalyst

to improve the yield/selectivity of pillarene synthesis.

To address those question, herein, we report the using of methanesulfonic acid as
a catalyst for solvent-dependent synthesis of P5 and P6 (Figure 4.2). Products P6 and P5

can be selectively obtained by applying chloroform and dichloromethane as the solvent,
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respectively. It should be noted that the yield and selectivity of P6 are remarkable in
comparison with previous reports. Using this method, we have successfully synthesized
gram-scale quantities of both compounds. Furthermore, the binding energy between
solvent molecules (dichloromethane or chloroform) as guest and host P5/P6 were
calculated using DFT methods. The results reveal that dichloromethane and chloroform
are suitable template for the selective synthesis of P5 and P6, respectively. The details of

these findings are discussed herein.

Computational details: All of the calculations were carried out using the Gaussian 09
software package.!?> Two B3LYP and PBEO functionals of density functional theory
(DFT) have been used for all optimizations and frequency calculations.'>!7 In order to
include the dispersion effects for both functionals, the empirical dispersion factors of
Grimme and co-workers (D3) are employed.!*® The 6-31G* basis set has been used for
full optimizations and frequency calculations. Also, in order to have more accurate
evaluation of complexation free energies, the higher basis set 6-31+G(d,p) has been used
for single point calculations. The implicit solvation effects (CH2Cl2) have been
considered employing the polarizable continuum model (PCM) using the default radii
(UFF) in all single point calculations (Figure 4.6 in the Experimental section).'!!
Moreover, the complexation energies of P6 has been calculated with M06-D3 functional

which indicated same trend for CH2Cl, (-1.2 kcal.mol ') and CHCl; (-3.1 kcal.mol!).!3!
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Scheme 4.1 The condensation-cyclization of 1,4-dihexoxybenzene with
paraformaldehyde using different catalysts.

Results and discussion: At first, a variety of candidate catalysts including various
Bronsted and Lewis acids were screened for the condensation-cyclization reaction
between 1,4-dihexoxybenzene and paraformaldehyde under the same condition (Scheme
4.1). All of the reactions were carried out under an Argon atmosphere in CHCl3 solvent at
0 °C; after stirring for 2 hours, the reaction mixture was quenched by adding 10% sodium

carbonate solution. The results are summarized in Table 4.1.

We investigated three Lewis acid catalysts (entries 1-3). Among them, BF3*Et,0O
indicated the lowest selectivity which agrees with the previous data.®>!°2 While FeCl; as
catalyst can only achieve 32% and 19% yields for H*P6 and "*P5, respectively.!®> The
major product of HeXP5 was obtained in AICls as catalyst with 43% yield. Entries 4-9 in
Table 4.1 summarize the results of several Bronsted acids as catalyst. The weak acids,
such as acetic acid (CH3COOH) and phosphoric acid (H3;POs), did not show any ability to
catalyze the reaction, and the starting material (1,4-dihexoxybenzene) was fully
recovered. The trifluoroacetic acid catalyst generated P5 with 15% yield under reflux
condition,%” however, neither H*P5 nor H**P6 was observed under our experiment

condition at 0 °C, which indicates a high temperature sensitivity (described further in the
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following section, see Table 4.2). However, both sulfuric acid (H>SO4) and

methanesulfonic acid (MeSO3H) exhibited good catalytic effects for selective synthesis

of HexpP6, The methanesulfonic acid showed the best yield and selectivity with 80% of

Hexpg and 5% of He*P5. The more powerful and more expensive candidate

(trifluoromethanesulfonic acid, TfOH) displayed lower yield and selectivity than

methanesulfonic acid. Comparing these series of experiments, methanesulfonic acid

showed the best catalyzing capability toward the synthesis of 1*P6.

Table 4.1 The catalyst screen in the synthesis of H*P5 and HexP6.

Entry cat.

HexP5
1 BF;<Et,O 23 (20)
2 FeCls 19 (28)
3 AlCI3 43
4 CH;COOH 0
5 H3PO4 0
6 CF;CO:H 0 (15)°
7 H>SO4 7
8 MeSO;H 5
9 TfOH 8
10 none 0

%yield

HexP6
18 (15)°
32 (45)°

15
0
0
0
48
80
63
0

a. rt, R = Et, 20 min, Ref. 68; b. rt, 3 h, Ref. 192; ¢. R = Me, reflux, 2 h, Ref. 67.

To further optimize the reaction conditions, several other factors including the

amount of catalyst, reaction temperature, reaction time, and solvent effect were

examined. The results are listed in Table 4.2. Entries 1-4 illustrate the temperature effect
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on the reaction. At low temperature (e.g. -10 °C) the reaction happens slowly, while
excellent catalytic effect is observed at 0-20 °C, with the highest yield at 20 °C. At
higher temperatures (e.g. 40 °C), a large amount of insoluble polymerized product was
obtained (see entry 4). These results are in contrast with the results of the trifluoracetic
acid, which needs high temperature (refluxing) to accomplish the reaction (see Table 4.1
and Ref. 34). The effect of the amount of catalyst is shown in entries 5-7 in Table 4.2. An
Excess amount of catalyst is preferred in this reaction, while only negligible product was
detected with less than 1.0 eq. of catalyst. Entries 8-11, where reaction time was varied,
indicate that the reaction was completed in 2 hours, and increasing the time up to 24

hours did not affect the yield and selectivity dramatically.

As aforementioned, solvent can play an important role in the synthesis of
pillarene. Therefore, several different solvents are studied and the results are listed in
entries 12-17 of Table 4.2. We found that toluene and acetonitrile lead to poor selectivity
and low yield. However, high selectivity of H*P6 can be obtained in chlorocyclohexane
(CICy, yield 56%) and chloroform (CHCl3, yield 83%) solvents. On the other hand, H*P5
as major product was observed in 1,2-dichloroethane (DCE yield 64%) and
dichloromethane (DCM yield 71%). While the selectivity of the reaction was
significantly reduced in the 1:1 mixture of CH2Cl2/CHCl3, the overall yield remained

high (~73%, entry 17).
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Table 4.2 Temperature, reaction time and solvent effects on the yield and selectivity for
Hexp5 and HexP6 synthesis.

entry solvent temp (°C) cat. (equiv) time (h) eyield
Hexps Hexpg

1 CHCI3 -10 3.0 2 0 0

2 CHCI3 0 3.0 2 5 80
3 CHCI3 20 3.0 2 6 83
4 CHCI3 40 3.0 2 ND® ND?
5 CHCI3 20 0.2 2 0 2

6 CHCI3 20 0.5 2 0 5

7 CHCI3 20 1.0 2 0 12
8 CHCI3 20 3.0 10° 0 5

9 CHCI3 20 3.0 30° 0 35
10 CHCI3 20 3.0 1 3 60
11 CHCI3 20 3.0 24 6 79
12 DCM 20 3.0 2 71 8
13 DCE 20 3.0 2 64 13(trace)°
14 Toluene 20 3.0 2 23 15
15 MeCN 20 3.0 2 10 18
16 ClCy 20 3.0 2 4 56
17 CH2ClL/ 20 3.0 2 46 27

CHCI5¢

a. Product not determined; b. in minutes; ¢. H,SOy, rt, R = Et, Ref. 193; d. ratio of volume = 1:1.

Based upon the results presented above, the reaction can be accomplished
within two hours by employing large excess (3 equiv) of methanesulfonic acid at 20 °C
(optimized condition). More importantly, the selectivity can be easily controlled by
involving different solvent, dichloromethane for P5 and chloroform for P6. Based on this

novel method, we extended the substrate with different length of alkoxy substituent
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benzene as a starting material (ethoxy, propoxy, n-butyoxy, i-butyoxy and
cyclohexylmethoxy). Accordingly, a series of PS5 and P6 were synthesized
straightforwardly and yields are listed in Table 4.3. It should be noted that substituted P6
were synthesized in 73-83% yields in the chloroform. Meanwhile, substituted P5 can be
obtained by employing dichloromethane as solvent with relatively high yield 65-73%. All
those P6 and P5 were characterized with 'H- and *C-NMR, and MALDI-TOF mass
spectroscopy techniques. Additionally, H*P5 and “YP5 structures were characterized with

X-ray crystallography for the first time.

Table 4.3 Yields of P5 and P6 with different substitute (R) groups.

%yield in CHCl3 %yield in CH>Cl»

entry R

P5 P6 P5 P6
1 Ethyl 8 73 65 14
2 n-Propyl 6 76 72 8
3 n-Butyl 5 82 71 10
4 iso-Butyl 4 80 67 7
5 Hexyl 6 83 71
6 CH2Cy 3 78 73 11

Crystals of HXP5 and “YP5 were grown separately by slow evaporation of a
solution of P5 in a dichloromethane/acetonitrile mixture. As shown in Figure 4.3, both
Hexp5 and “YP5 crystals represents a pentagonal-cylindrical geometry and a racemic
mixture of the enantiomers. As illustrated in Figure 4.3A, most of n-hexyl groups of
Hexp5 have a staggered extended conformation, few of them are bent and close the

openings of the cylinder. The guest molecules (e.g. solvents) can form C-H...nt and
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hydrogen-bond interactions with the host P5 molecule (Figure 4.5 in the Experimental
section). The crystal has some n-n overlapping in the layers with average distance ~4.3
A1 However, the contacts between the layers are exclusively of van-der-Waals nature.
Figure 4.3B represents the structure of ©P5, the most distinct feature is the bulky
cyclohexylmethyl group prevent the formation of n-w interaction between two “YP5
molecules. The closest distance between phenyl ether rings is 8.8 A. The average distance
between two phenyl rings is ~9.6 A. It should be noted that in both crystals, two solvent

molecules are trapped inside the cavity (Figure 4.5 in the Experimental section).
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Figure 4.3 Side-view, top-view and packing of the crystal structures of HP5 (A), “P5
(B). Hydrogens and solvent molecules were omitted for clarity; oxygen atoms are red,
phenyl rings are gold, alky group are bright gray and bridge carbon are dark gray; all
alkyl group are omitted in the packing mode.
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To obtain further insight about the interaction of solvent molecules with P5 or P6,
the complexation energies between guest molecules, dichloromethane and chloroform,
and host pillar[n]arene (5 and 6) were simulated using DFT method (B3LYP-D3/6-
31+G(d,p)/PCM(CH:ClL»)//B3LYP-D3/6-31G*). The calculations revealed a stronger
interaction of dichloromethane with P5 (complexation free energy -5.1 kcal.mol!) in
comparison to chloroform (-1.7 kcal.mol ). Meanwhile, the binding energy of
chloroform with P6 is -4.0 kcal mol™!, which indicating a better interaction than
dichloromethane as guest (binding energy of -0.9 kcal mol™!). Therefore, the templating
effect of CH2Cl/CHCI; for selective synthesis of P5/P6 can be attributed to the stronger
complexation with these solvents. Moreover, as depicted in Figure 4.4, the geometrical
orientation of CHCI; inside the hexagonal structure of P6 can be another factor in
controlling the selectivity. Calculations using a PBE0-D3 functional showed the same

trend as the B3LYP-D3 calculations (Figure 4.6 in the Experimental section).

Figure 4.4 Top views of the optimized complexation structures of P6OCHCI; (left) and
P55 CH:Cl; (right).
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Conclusion: In summary, an efficient and highly selective synthetic method with
the aim of improving the efficiency and selectivity of pillar[n]arene (n=5,6) has been
developed. By involving methanesulfonic acid as catalyst, the condensation reaction
between 1,4-dialkyloxybenzene and paraformaldehyde displayed high solvent-
dependency. Pillar[5]arene (P5) is major product in dichloromethane, while in
chloroform pillar[6]arene (P6) is the dominant product. Accordingly, a series of P5 and
P6 have been selectively synthesized with high yield. Furthermore, with the aid of DFT
calculations, the solvent template effect can be rationalized. This method can thus
significantly improve the synthesis efficiency of P6. The results of this study can promote
and facilitate the applicability of pillar[6]arene in organic functional materials and

polymer materials.

Experimental

General methods and synthesis

All reactions were performed under argon atmosphere unless otherwise noted. All
commercial reagents were used without further purification unless otherwise noted. All
solvents, including dichloromethane and chloroform, were used without any further
purification. NMR spectra were recorded on Varian 300 and 400 MHz NMR
spectrometers. Mass spectra were recorded on Bruker Daltonics MALDI-TOF mass
spectrometer. The 1,4 dialkyl benzene (alkyl = Ethyl, Propyl, n-Butyl, iso-Butyl,
cyclohexylmethyl, Hexyl) were synthesized using the Hydroquinone and alkyl bromide

according to the previously reported methods.!® The product (white solid) has been
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purified using the flash column using pure hexanes. The purity of the product has been

confirmed using the "H-NMR and '*C-NMR (see the NMR section).
Synthesis:

In order to have better understanding about the effects of the reaction
concentration on the selectivity and yield, the reaction of 1,4-dihexoxybenzene and
paraformaldehyde were carried out under the same condition (room temperature and 2 h)
using different amount of CHCI3. As listed in the Table S1, the 40 mL of CHCI3 showed
the best results and increasing the amount of solvent will not alter the selectivity and
yield of the reaction significantly. Decreasing this amount to 20 mL can decrease the
selectivity of the reaction. Also, using 10 mL CHCI3 generated polymerized compound.

Therefore, all condensation reactions were carried out using 40 mL of solvent.

Table 4.4 The effects of solvent amount (CHCI3) on the selectivity and yield of the
condensation reaction of 1,4-dihexoxybenzene and paraformaldehyde using MeSO3H as
catalyst.

amount of Y%yield
HexP 5 HexP 6
CHCIs (mL)
10 ND ND
20 67 15
40 83 6
50 81 7

Moreover, to examine the applicability of this synthetic method for large scale
synthesis of pillar[n]arene (n = 5, 6), the reactions repeated with 10 g scale (36 mmol) of
1,4-dihexoxybenzene and paraformaldehyde (2.1 g, 72 mmol, 2.0 equiv) under the same

condition (room temperature, 2 h and solvent = 350 mL). As illustrated in the Table S2,
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the results indicate that this method is reliable for large scale synthesis of P5 and P6

selectively.

Table 4.5 Large scale condensation of 1,4-dihexoxybenzene (10 g) and
paraformaldehyde.

%yield
solvent cat.
HexP 5 HexP6
CHCI; MeSOsH 7 78
DCM MeSOsH 68 10
OR OR

+ (CH,O CHClp, tt O
MeSO3H, 2 h

OR

()}

Pillar[5]arene synthesis: To a solution of 1,4-dialkyloxy benzene (5 mmol, R =
Ethyl, Propyl, n-Butyl, i-Butyl, Hexyl and Cyclohexylmethyl) in dichloromethane (DCM,
40 mL), paraformaldehyde was added (0.3 g, 10 mmol, 2.0 equiv) under the Argon
atmosphere. Then, the methanesulfonic acid (1 mL, 15 mmol, 3.0 equiv) was added at
one portion. The mixture was stirred at the room temperature for 2 h. The reaction has
been quenched by adding water to the Schlenk flask. The acid has been neutralized using
sodium carbonate solution. The organic layer has been separated using the separation
funnel. The dichloromethane has been evaporated under the vacuum. The pure product

has been purified using the flash column (Hexane/Ethyl acetate = 100/3, yield = 75-85%).
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Etp5200: mass 0.56 g, yield 65%; melting point (white solid): 156-158 °C; MALDI
Mass (calculated: 890.50; experimental: 890.74); 'H-NMR (CDCI3 at 20 °C) &: 1.28 (t,
30H), 3.76 (s, 10H), 3.84 (q, 20H), 6.74 (s, 10H); *C-NMR (CDCI3 at 20 °C) &: 15.30,

29.75, 63.82, 114.85, 128.65, 149.77.

Prp5209: mass 0.74 g, yield 72%; melting point (white solid): 114-116 °C; MALDI
Mass (calculated: 1030.65; experimental: 1030.61); 'H-NMR (CDCI3 at 20 °C) &: 1.05 (t,
30H), 1.79 (sext, 20H), 3.79 (s, 10H), 3.83 (t, 20H), 6.85 (s, 10H); *C-NMR (CDCI3 at

20 °C) 8: 10.91, 23.16, 29.64, 70.0, 114.92, 128.45, 149.85.

-Bup5194: mags 0.78 g, yield 67%; melting point (white solid): 144-146 °C;
MALDI Mass (calculated: 1170.81; experimental: 1170.01); 'H-NMR (CDCI3 at 20 °C)
8: 1.05 (t, 60H), 2.09 (sep, 10H), 3.50 (t, 10H), 3.74-3.79 (m, 20H) 6.84 (s, 10H); 13C-
NMR (CDCI3 at 20 °C) ¢: 14.28, 19.64, 19.78, 22.76, 28.83, 29.51, 31.66, 115.03,

128.28, 149.95.

n-Bup5200: mass 0.82 g, yield 71%; melting point (white solid): 133-135 °C;
MALDI Mass (calculated: 1170.81; experimental: 1170.41); 'H-NMR (CDCI3 at 20 °C)
o: 1.00 (t, 30H), 1.55 (sext, 20H), 1.81 (p, 20H), 3.77 (s, 10H), 3.88 (t, 20H), 6.87 (s,
10H); 1*C-NMR (CDCI3 at 20 °C) 8: 14.21, 19.68, 29.47, 32.19, 68.06, 114.65, 128.39,

149.79.

Hexp5192: mass 1.02 g, yield 71%; melting point (white solid): 103-105 °C;
MALDI Mass (calculated:1451.12; experimental:1449.99); 'H-NMR (CDCI3 at 20 °C) §:

0.90 (t, 30H), 1.32-1.38 (m, 40H), 1.48-1.58 (m, 20H), 1.76-1.86 (m, 20H), 3.75 (s, 10H),
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3.85 (t, 20H), 6.84 (s, 10H); *C-NMR (CDCI3 at 20 °C) &: 14.22, 22.79,26.20, 29.49,

30.07,31.97, 68.49, 114.85, 128.34, 149.94.

©YP5%: mass 1.14 g, yield 73%; melting point (white solid): 240-242 °C; MALDI
Mass (calculated:1571.12; experimental:1570.24); "H-NMR (CDCI3 at 20 °C) 3: 1.08-
1.40 (m, 50H), 1.72-2.07 (m, 60H), 3.51 (t, 10H), 3.76, (s, 10H), 3.86 (q, 10H), 6.84 (s,
10H); 1*C-NMR (CDCI3 at 20 °C) 8: 26.27, 26.86, 29.26, 30.31, 30.62, 38.62, 74.12,

114.86, 128.30, 149.95.

OR OR

+ (CH,0)n —CHCls RT
MeSO3H, 2 h

OR

)

Pillar[6]arene synthesis. To a solution of 1,4-dialkyloxy benzene (5 mmol, R =
Ethyl, Propyl, n-Butyl, i-Butyl, Hexyl and Cyclohexylmethyl) in chloroform (CHCl;, 40
mL), paraformaldehyde (0.3 g, 10 mmol, 2.0 equiv) under the Argon atmosphere. Then,
the methanesulfonic acid (1 mL, 15 mmol, 3.0 equiv) was added at one portion. The
mixture was stirred at the room temperature for 2 h. The reaction has been quenched by
adding water to the Schlenk flask. The acid has been neutralized using sodium carbonate
solution. The organic layer has been separated using the separation funnel. The
chloroform has been evaporated under the vacuum. The solid has been washed with
acetone and ethyl acetate. For the 1,4-diethoxy benzene, the product has been further
purified as described previously.®® The pure products have been confirmed using the

"HNMR, BCNMR and MALDI-TOF spectroscopy techniques (yield = 73-83%).
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Etp620%: mass 0.65 g, yield 73%; melting point (white solid): 169-171 °C; MALDI
Mass (calculated: 1068.60; experimental: 1068.04); 'H-NMR (CDCI3 at 20 °C) &: 1.29 (t,
36H), 3.81 (q, 36H), 6.70 (s, 12H); 13 C-NMR (CDCI3 at 20 °C) 8: 15.30, 29.87, 64.47,

115.07, 128.19, 150.76.

Prp62%0: mass 0.78 g, yield 76%; melting point (white solid): 120-122 °C; MALDI
Mass (calculated: 1236.78; experimental: 1236.79); 'H-NMR (CDCI3 at 20 °C) &: 0.99 (t,
36H), 1.74 (sext, 24H), 3.79 (t, 24H), 3.92 (s, 12H), 6.69 (s, 12H); *C-NMR (CDCI3 at

20 °C) &: 10.82, 23.05, 29.61, 70.52, 114.88, 128.17, 150.81.

-Bup6194: mass 0.93 g, yield 80%; melting point (white solid): 150-152 °C;
MALDI Mass (calculated:1404.97; experimental:1403.86); 'H-NMR (CDCI3 at 20 °C) &:
0.96 (d, 72H), 2.02 (m, 12H), 3.85 (d, 24H), 3.90 (s, 12H), 6.67 (s, 12H); *C-NMR

(CDCI3 at 20 °C) &: 19.56, 28.68, 29.33, 75.38, 114.63, 128.12, 150.71.

n-Bup6200: mass 0.96 g, yield 82%; melting point (white solid): 115-117 °C;
MALDI Mass (calculated: 1404.97; experimental:1403.21); 'H-NMR (CDCI3 at 20 °C)
3: 0.91 (t, 36H), 1.37-1.49 (m, 24H), 1.64-1.74 (m, 24H), 3.81 (t, 24H), 3.87 (s, 12H),
6.67 (s, 12H); 1*C-NMR (CDCI3 at 20 °C) 8: 14.06, 19.53, 29.62, 31.92, 68.66, 114.84,

128.18, 150.81.

Hexp6192: mass 1.20 g, yield 83%; melting point (white solid): 111-113 °C;
MALDI Mass (calculated: 1741.35; experimental: 1739.94); 'H-NMR (CDCI3 at 20 °C)
0: 0.87 (t, 36H), 1.28 (m, 48H), 1.39 (quin, 24H), 1.70 (p, 24H), 3.80 (t, 24H), 3.86 (s,
12H), 6.67 (s, 12H); *C-NMR (CDCI3 at 20 °C) &: 14.20, 22.78, 26.05, 29.82, 31.87,

69.00, 114.83, 128.14, 150.82.
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©YP6%: mass 1.22 g, yield 78%; melting point (white solid): 190-192 °C; MALDI
Mass (calculated:1885.35; experimental: 1883.36); 'H-NMR (CDCI3 at 20 °C) §: 0.85-
1.30 (m, 60H), 1.63-1.83 (m, 72H), 3.61 (d, 24H), 3.87 (s, 12H); 3C-NMR (CDCI3 at 20

°C) 6: 26.11, 26.76, 30.23, 38.25, 74.53, 114.65, 128.31, 150.72.
'H- and 3C-NMR spectra of P5, P6 and reactants.

"H NMR spectrum of EP5 at 20 °C in CDCl3
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'"H NMR spectrum of P'P5 at 20 °C in CDCI3
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"H NMR spectrum of “B“P5 at 20 °C in CDCI3

o -+ AN TN
S OB LEN
~ -] ) 00 00 o o o e

— =

2.09

N
<<
-

NP

112

O's°But
J 0s°But/2
Al
3 ) -
: :
T T T T T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)
3C NMR spectrum of "B'P5 at 20 °C in CDCI3
w ® o
=) (o] < R T W o = N O N0 T X
a % i e Cnmaennoq
- o - S~ ow -aAARXNN T
- - - NN NN N - -
~ Vi L
|
| |
I
b
80 170 160 150 140 130 120 110 100 920 80 70 60 50 40 30 20 10

f1 (ppm)



"H NMR spectrum of ™BP5 at 20 °C in CDCI3
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"H NMR spectrum of @P5 at 20 °C in CDCI3
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'"H NMR spectrum of H*P5 at 20 °C in CDCI3
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'"H NMR spectrum of EP6 at 20 °C in CDCI3
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'"H NMR spectrum of P'P6 at 20 °C in CDCI3
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"H NMR spectrum of “BuP6 at 20 °C in CDCI3

118

o S =4 N [ oS ow
S © & 0w S 3 3
~ - Lag} o (o] =
Y \
O's°But
|
I
~ 4/Lr
< - o - )}
N a o o
- - o~ v ©~
T T T T T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)
13C NMR spectrum of "B'P6 P6 at 20 °C in CDCI3
- ~ «
o — -} RO T X (el N
S % < N a e o
w (o} — oS~ ow [ =)
— — — Ll Sl S aN N —
e W
O'*°But
i
I I
|
T T T T T T T T T T T T T T T T T T
80 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

f1 (ppm)



119

"H NMR spectrum of ™B'P6 at 20 °C in CDCI3
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'"H NMR spectrum of ©P6 at 20 °C in CDCI3
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"H NMR spectrum of H*P6 at 20 °C in CDCI3
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'"H NMR spectrum of 1,4-diethyloxybenzene at 20 °C in CDCl3
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'"H NMR spectrum of 1,4-dipropyloxybenzene at 20 °C in CDCI3
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"H NMR spectrum of 1,4-isobutyloxybenzene at 20 °C in CDCI3
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"H NMR spectrum of 1,4-n-butyloxybenzene at 20 °C in CDCI3
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"H NMR spectrum of 1,4-n-hexyloxybenzene at 20 °C in CDCI3
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"H NMR spectrum of 1,4-dicyclohexylmethylbenzene at 20 °C in CDCI3

-] - [—IN-}
§ X =3
N - R
%
OCH,Cy
OCH,Cy “
|
h ‘ %_\_M—
(=3 =] - T &
3 = N 5 2
< - - e =

8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

3C NMR spectrum of 1,4-dicyclohexylmethylbenzene at 20 °C in CDCI3

+ w0
< <+ © 0o TN - ®or
[ w n=na a =5 a
0 = NI R
- - N R~ n @maAa

~ | NN

OCH,Cy

OCH,Cy

T T T T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
f1 (ppm)



128

MALDI-TOF data for P5 and P6
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Table 4.6 Summary of X-ray crystallographic data of pillarenes.

Identification code

raj29o

1aj29t5

Empirical formula

Cos.6sH155.65Cl0.7N1.65010

Ci08.84H156.66Cl3.56N1.03010

Formula weight 1549.78 1765.91
Temperature/K 100.15 100.15
Crystal system triclinic monoclinic
Space group P-1 P2i/c

a/A 12.18936(18) 23.7051(2)
b/A 20.5151(3) 16.51019(17)
c/A 20.9676(3) 25.9498(2)
a/° 113.1244(12) 90

p/e 96.6891(12) 92.3922(9)
v/° 97.9850(11) 90
Volume/A3 4690.28(12) 10147.27(17)
z 2 4

Pealeg/cm’ 1.097 1.156
wmm! 0.712 1.394

F(000) 1702 3830

Crystal size/mm®

0.341 x 0.288 x 0.116

0.419 % 0.223 x 0.181

Radiation

CuKa (= 1.54184)

CuKa (= 1.54184)

20 range for data collection/°

7.456 to 141.226

6.818 to 141.458

Index ranges

-14 <h<14, -25<k<25, -25<I<25

-28<h=<28, -20<k<20,-31<I< 31

Reflections collected

85093

36252

Independent reflections

17789 [Rint = 0.0300, Ryigma =0.0177]

36252 [Rim = ?, Rsigma = 00159]

Data/restraints/parameters

17789/9/1053

36252/30/1180

Goodness-of-fit on F?

1.038

1.023

Final R indexes [[>=20(1)]

R1=0.0487, wR2 = 0.1359

Ri1=0.0518, wR2 = 0.1498

Final R indexes [all data]

R; = 0.0525, wRz = 0.1401

Ri1=10.0587, wR> = 0.1539

Largest diff. peak/hole / ¢ A3

0.36/-0.30

0.51/-0.47
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Figure 4.5 The average (all ten) interaction between H (O-CH») of H*P5/“YP5 and N and
Cl of CH3CN and CH>Cla, respectively. All values are based on the single x-ray crystal
structures for H*P5+2 CH3CN (A), HP5+2 CH,Cl, (B), ©P5+2 CH3CN (C), ©YP5+2
CHCl (D).

Table 4.7 The complexation free energies of P5 and P6 with CH>Cl,/CHCls in kcal.mol™!
(the number in brackets are calculated using PBEO functional)

P5 P6
CH.Cl, 5.1 [-5.3] 0.9 [-1.2]

CHCl; _1.7[-0.8] 4.0 [-3.0]
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P[5]...CHCI P[5]+ CHCl,/CH,CI P[5]...CH,Cl,
3 g/ Llnphly

B3LYP-D3 -1.7 0.0 -5.1
PBEQO-D3 -0.8 0.0 -5.3

Top
View
Side
View
P[6]...CHCI, P[6]+ CHCI,/CH,Cl, P[6]...CH,Cl,
B3LYP-D3 -4.0 0.0 -0.9
PBE0-D3 -3.0 0.0 -1.2

Figure 4.6 The complexation free energies (in kcal.mol!) for P5 and P6 with CH,Cl, and
CHCI; (6-31+G(d,p)-PCM(CH:Cl,)//6-31G(d)-gas).
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