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Abstract 

 

The chemical and physical properties of organic molecules are always influenced by a 

series of steric rules (steric effects) alongside electronic effects. Even in a modest 

implementation of valence shell electron pair repulsion (VSEPR) theory, the geometric shape 

of the sp3 hybridized carbon node is normalized as a tetrahedral, following how much electron 

repulsion from hydrogen as substituents can be minimized. When substituents in a molecule, 

either atoms or groups of atoms, are at a proximate distance, the repulsion force and 

consequence become more intense, disturbing the energetically minimized bond angles. 

Eventually, the steric effects determine not only molecular shapes but also molecular 

conformation, stereochemistry, and potential reaction preferences, as they influence physical 

and chemical properties even without electronic influences.  

Six-membered aromatic rings, such as benzene, are well-known for their aromaticity 

features, such as rigidity, planarity, structural simplicity, low stereochemical diversity, and high 

stability. As a result, a significant amount of research has been dedicated to enhancing aromatic 

frameworks, leading to the development of more complex structures. For this purpose, 

activating the aromatic ring accompanied by de-aromatization is a key step. While the most 

used approach is an electronic activation, limited efforts have been made to study de-

aromatization related to non-electronic force in highly strained molecules, presumably due to 

the synthesis of such compound is not easily achieved. Fairly, when a sterically demanding 

group is introduced in an aromatic ring, out-of-plane deformation may distort aromaticity, 

generating new physical and chemical properties that can be quantified and evaluated, which is 

one of the still challenging projects. 
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In this study, I examined the steric repulsion between peri-substituents. These peri-

substituents are situated at a closer distance from one another than those at the ortho-position. 

Consequently, enhancing the bulkiness of the peri-substituents serves as an effective strategy 

for inducing ring distortion, ultimately resulting in non-electronic activation of the aromatic 

ring. 

In the first case, horizontal and vertical distortions occurred when the 1,8-

dimethylnaphthalene framework was adjusted with a bulky bromo atom. As the bulkiness 

increased, the vertical distortion by torsion angle was prominently detected over horizontal ones, 

such as elongation and suppression of bond length corresponding to that steric interaction 

(Figure 2-3). Despite the change in geometrical features, reactivity evaluation under 

hydrogenation and nitration reaction was partially correlated to the experienced ring 

deformation of each evaluated naphthalene derivative.  

 

Figure 2-3. Three observed types of distortion of the naphthalene ring. 

 

To further extend the concept of peri-interaction into the three-ring aromatic system of 

anthracene, the 9-substituted 1,8-dichloroanthracene framework was selected. An intense 

repulsion with the two chloro atoms created geometrical distortions of the central ring by 

embedding bulkier substituents at the 9-position. As expected, the strain released by steric 

repulsion in a series of 1,8,9-substituted anthracenes gave a massively elevated out-plane 

deformation along with horizontal distortions. Regarding non-electronic activation, the 
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reactivity test under a Diels−Alder reaction showed a linear increase that resembled the degree 

of vertical distortions, emphasizing the initial proposition where geometrical deformation 

influenced de-aromaticity. These results indicated that steric repulsion between crowded 1,8,9-

substituents disrupts the coplanarity of the central ring of anthracene, reducing its aromaticity 

and leading to the creation of more activated compounds compared to 1,8,10-substituted 

anthracenes (Figure 3-9). 

 

Figure 3-9. Three observed types of distortion of the anthracene ring. 

 

 

 

 

 

 

 

 

 

 

 



VIII 

Content 

 

Acknowledgments ....................................................................................................................... I 

Disclaimer ................................................................................................................................. II 

Abstract ..................................................................................................................................... V 

Content .................................................................................................................................. VIII 

Chapter 1: General Introduction ................................................................................................. 1 

Part I: Non-planar Aromatic and Aromaticity ............................................................................ 1 

1. Origin of Non-Planar Aromatic Compounds ................................................................. 1 

2. Aromaticity and De-aromaticity ..................................................................................... 2 

2.1. Geometry Criterion .................................................................................................. 4 

2.2. Magnetic Criterion ................................................................................................... 5 

2.3. Energetic Criterion ................................................................................................... 7 

2.4. Electronic Criterion .................................................................................................. 9 

2.5. Reactivity Criterion ................................................................................................ 11 

3. Research purpose .......................................................................................................... 12 

4. References .................................................................................................................... 12 

Part II: The Origin of Steric Effect in Organic Molecules ....................................................... 16 

1. Steric Effect and Strain ................................................................................................. 16 

2. Steric Effect and Reactivity .......................................................................................... 17 

2.1. Retardation ............................................................................................................. 17 

2.2. Acceleration ........................................................................................................... 19 

3. Steric Effect between Molecular Substituents at peri-Positions .................................. 20 

4. Research Purpose.......................................................................................................... 24 

5. References .................................................................................................................... 25 

Chapter 2. Steric Repulsion between peri-Substituents of 1,8-Dimethylnaphthalene Derivatives

 .................................................................................................................................................. 27 

1. Introduction .................................................................................................................. 27 

2. Synthesis and Crystal Study ......................................................................................... 27 



IX 

3. Evaluation of Distortions .............................................................................................. 29 

3.1. Geometric ............................................................................................................... 29 

3.2. Magnetic Properties by NICS ................................................................................ 33 

4. Reactivity ...................................................................................................................... 34 

4.1. Nitration Reaction .................................................................................................. 34 

4.2. Hydrogenation Reaction ........................................................................................ 35 

4.3. Electronic Evaluation ............................................................................................. 36 

5. Conclusion .................................................................................................................... 38 

6. Experimental Section.................................................................................................... 39 

7. References .................................................................................................................... 43 

Chapter 3. Steric Repulsion between peri-Substituents of 1,8-Dichloroanthracene Derivatives

 .................................................................................................................................................. 45 

1. Introduction .................................................................................................................. 45 

2. Synthesis and Crystal Study ......................................................................................... 46 

3. Evaluation of Distortions .............................................................................................. 49 

3.1. Geometric ............................................................................................................... 49 

3.2. Magnetic Properties by NICS ................................................................................ 55 

4. Reactivity ...................................................................................................................... 57 

4.1. Diels–Alder Reaction ............................................................................................. 57 

4.2. Reaction Monitoring via Pseudo-First-Order Reaction ......................................... 59 

4.3. Electronic Evaluation ............................................................................................. 61 

4.4. Single Point Analysis on Transitional State ........................................................... 63 

5. Conclusion .................................................................................................................... 65 

6. Experimental Section.................................................................................................... 66 

7. References .................................................................................................................... 75 

 

 

 



1 

Chapter 1: General Introduction 

Part I: Non-planar Aromatic and Aromaticity 

 

1. Origin of Non-Planar Aromatic Compounds 

In a prevalent understanding of chemistry, aromatic compounds are often characterized to 

fit criteria with structures that appear as cyclic, conjugated, and planar systems with [4n+2] π-

electrons according to the Hückel rule, which is perfectly adapted by benzene. However, at the 

advanced level of study, some mentioned characters cannot be fully adapted by existing 

structures, especially where heterocyclic and organometallic compounds are involved.1 

Particularly in the geometry aspect, some benzenoids in higher analogs of polycyclic aromatic 

hydrocarbons (PAHs) exist despite being unshared in the same ring plane, leading to the widely 

acknowledged term of “non-planar aromatic”.2  

Synthetically, there are two common strategies to obtain non-planar PAHs: (1) insertion 

of the inner ring into a hexagonal aromatic system, reforming in-plane shape to a bowl-shaped 

C−C bond, and (2) introduction of steric strain by peripheral atom crowding.3 The first strategy 

found in the circulene class where the inner ring ranged from four-membered as found in 

quadrannulene,4a five-membered as in corranulene,4b six-membered as in coronene4c or hybrid-

membered ring such as summanene4d,e (Figure 1‑1a). Secondly, disturbing planarity in planar 

aromatic PAH systems is achievable by allowing non-bonding interaction between spatially 

close substituents, promoting bending or twisting structures as recorded for naphthalenes,5a 

anthracene,5b and helicene5c (Figure 1‑1b).  
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Figure 1‑1. Geometry of non-planar polycyclic aromatic hydrocarbons (PAHs). 

 

2. Aromaticity and De-aromaticity 

Since the discovery of benzene by Faraday in 1825,6 enumerative studies have been 

conducted to expand the definition, concept, and evaluation of aromaticity that deviates from 

the classic benzene ring.7 However, the definition of aromaticity remains debatable following 

the massive surge of novel organometallic and inorganic compounds. According to the IUPAC 

definition,8 “The concept of the spatial and electronic structure of cyclic molecular systems 

displaying the effects of cyclic electron delocalization which provide for their enhanced 

thermodynamic stability (relative to acyclic structural analogs) and tendency to retain the 

structural type in the course of chemical transformations. A quantitative assessment of the 

degree of aromaticity is given by the value of the resonance energy. It may also be evaluated 

by the energies of relevant isodesmic and homodesmotic reactions. Along with energetic 

criteria of aromaticity, important and complementary are also a structural criterion (the lesser 

the alternation of bond lengths in the rings, the greater is the aromaticity of the molecule) and 

a magnetic criterion (existence of the diamagnetic ring current induced in a conjugated cyclic 
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molecule by an external magnetic field and manifested by an exaltation and anisotropy of 

magnetic susceptibility). Although originally introduced for the characterization of peculiar 

properties of cyclic conjugated hydrocarbons and their ions, the concept of aromaticity has 

been extended to their homoderivatives (see homoaromaticity), conjugated heterocyclic 

compounds (heteroaromaticity), saturated cyclic compounds (σ-aromaticity) as well as to 

three-dimensional organic and organometallic compounds (three-dimensional aromaticity). A 

common feature of the electronic structure inherent in all aromatic molecules is the close nature 

of their valence electron shells, i.e., double electron occupation of all bonding molecular 

orbitals (MOs) with all antibonding and delocalized nonbonding MOs unfilled”. 

With this long-covered explanation of aromaticity, the quantitative accepted features for 

evaluating aromaticity primarily include the following assessments:9 

a. Geometric, discuss geometrical deviation such as bond length and planarity  

b. Magnetic, discuss proton chemical shift, magnetic susceptibility, and ring currents   

c. Energetic, discuss resonance energy (RE) and the aromatic stabilization energy (ASE) 

d. Electronic, discuss electron localization function (ELF) and electron sharing indices (ESI)  

e. Reactivity, lower reactivity, tendency of electrophilic aromatic substitution than addition 

reaction 

 

Determining which parameter to prioritize in defining and evaluating aromaticity is 

challenging. Zhu has suggested that electronic indices should be given prominence, as electron 

delocalization comes first in the definition and is undeniable evidence in all aromatic 

compounds.10 However, electron delocalization is arduous to observe experimentally, making 

magnetic and geometric criteria preferable since NMR and X-ray crystallography can quickly 

determine them.11 Still, some magnetic and geometric cases were inconsistent with 

thermodynamic stabilization energy criteria. On the other hand, chemical reactivity in aromatic 

compounds may be implicated by various factors such as strain, molecular orbital energy level 
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boundaries, and oxidation states, making it puzzling to establish one single trend. Eventually, 

the term aromaticity is not directly observable, but the consequences or properties related to it 

are, either experimental or theoretical. Interestingly, providing multidimensional equivalent 

explanations of aromaticity for one structure is considered unrealistic.12      

Despite the extended definition by IUPAC on aromaticity, neither de-aromatization nor 

de-aromaticity exists, although everybody seems to understand what that term refers to. De-

aromatization is often used to describe the loss of aromaticity properties when aromatic systems 

are transformed to partially unsaturated or completely saturated system.13 Significant progress 

in developing and utilizing de-aromatization techniques cover metal-mediated,14 

photochemical,15 nucleophilic reactions,16 radical dearomatizations,17 and even enzymatic 

approaches.18 In fact, the de-aromatization of simple benzene rings into diverse alicyclic 

structures has evolved sophisticatedly over the last centuries. The challenge has now shifted to 

creating pharmaceutical-oriented structures, natural-product-like structures, and other fine 

chemicals that remain attractive (Figure 1-2).19  

 

Figure 1-2. The representative evolvement of de-aromatization in the benzene ring.  

 

2.1. Geometry Criterion 

The technique for determining molecular structure, X-ray diffraction, was developed in 

the 1920s and remains the primary method for studying the geometry of aromatic compounds. 

An abundance of structural data has led scientists to create quantitative descriptors of 
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aromaticity based on experimental bond lengths, which are now comparable with 

computationally obtained molecular geometries. A notable property of aromatic systems is their 

tendency to equalize bond lengths, as evidenced when comparing non-aromatic and aromatic 

systems such as butadiene, benzene, and cyclopentadiene (Figure 1-3). The alteration of bond 

length can effectively be used to evaluate the decrease of aromaticity in cyclic systems.20   

 

Figure 1-3. Bond length (Å) in butadiene (experimental),21 benzene (D6h symmetry, 

experimental),21 cyclopentadiene, and cyclopentadienyl anion (computed at B3LYP/6-311++G 

(d,p)). 

 

When geometry criterion is considered in evaluating non-planar geometry and non-rigidity 

of polycyclic aromatic system, it directly correlates with the interaction between substituents. 

Due to high conformational flexibility, the aromatic ring’s deformability of six-membered 

polycyclic conjugated systems is inclined to experience out-of-plane deformation.22a 

Consequently, a decrease in aromaticity degree corresponds to increased ring flexibility. In fact, 

several computational and experimental studies demonstrate that the aromaticity of a cyclic 

conjugated system is firmly bound to the deformability of the ring found in benzene, 

naphthalene, anthracene, and phenanthrene rings.22b  

 

2.2. Magnetic Criterion 

Molecules with cyclic conjugated π-electron systems, such as benzene and PAHs, exhibit 

more diamagnetic susceptibility than noncyclic conjugated π-systems. The most popular 

method for quantifying aromatic compounds' magnetic properties is granted to the nucleus-

independent chemical shift (NICS) method. Schleyer introduced NICS in 1996 and described 
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it as the negative value of the computed total isotropic shielding at a chosen point in space.23 

The significantly negative (i.e., magnetically shielded) NICS values in the interior positions of 

rings or cages indicate the presence of induced diatropic ring currents or “aromaticity.” In 

contrast, positive values (i.e., deshielded) at each point are close in denoting paratropic ring 

currents or “antiaromaticity”.24 The representation of the NISC values on the benzene ring 

corresponds to its magnetic character within the range distance above the ring (distance in Å), 

shown in Figure 1-4. 

 

Figure 1-4. The NICS values are computed at the GIAO-B3LYP/6-311+G*// B3LYP/6-

311+G* level). The red dots denote a diatropic character whose dot size is linear with the NICS 

magnitude. Image is reprinted with permission. Copyright (2024) from American Chemical 

Society.24  

 

The NICS(0) value contains the local paramagnetic character from both -C−C and C−H 

of the ring, contributing to the value being more negative, which would be an insufficient 

descriptor of aromaticity (Figure 1-5a). Hence, NICSzz (the out-of-plane component of NICS) 

corresponds to the principal axis perpendicular to the ring plane, either above (NICS(1)zz) or 

below (NICS(-1)zz) geometric center of the ring came up as the preferred measure of the 

aromaticity of aromatic system. NICS(1)zz assumes that the effect of the local circulations and 

the s-framework is negligible at 1 A˚ above the ring plane, while the contribution of p-electrons 

is maximized at this height (Figure 1-5b).25 In addition, measuring NICSzz covering a particular 

distance in a scanning manner is beneficial to visualize the strength of diatropic or paratropic 
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currents (Figure 1-5c).26     

 

Figure 1-5. Comparison of different NICS probe placements for benzene: a) NICS(0); b) 

NICS(1); c) NICS-Scan (a series of NICS probes along a line perpendicular to the geometric 

center of the molecule, spaced at 0.1 Å intervals). Image is reprinted with permission from 

Elsevier Science (License Number: 5934590014505).27 

 

All NICS values describe only local aromaticity (local ring current) for a particular ring 

where the probe atom or “dummy” atom is positioned. Therefore, NICS could not 

simultaneously predict the whole aromaticity of PAHs in an entire ring system. Another 

shortcoming is that NICS is an entirely theoretical concept with non-experimental properties, 

making it greatly dependent on the level of theory applied.28 Despite this, NICS is still widely 

recognized as a valuable tool for assessing aromaticity. It allows for a modest review of critical 

features such as ring size, electronic structure, and the nature of the involved atoms 

that significantly influence aromaticity.29  

 

2.3. Energetic Criterion 

In 1933, Pauling and Sherman proposed the first quantitative description of aromaticity 

with a thermodynamic concept called resonance energy (RE).30 RE is described as the energy 

that causes the π-delocalized compound to be more stable than its hypothetical olefin analog, 

in which the latter appeared as electrons fully localized in alternating single and double bonds. 

The most conventional RE explanation is illustrated as the disparity of hydrogenation energy 
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between hypothetical 1,3,5-cyclohexatriene that fits the Kekulé structure and the actual 

aromatic structure of benzene (Figure 1-6).31 According to the experimental change on enthalpy 

(H) for cyclohexene (H1) and benzene (H4) to cyclohexane in a hydrogenation reaction, 

1,3,5-cyclohexatriene (H3) can be theoretically calculated. Since this hypothetical structure 

could not be prepared as it would immediately transform into benzene, thus, the estimation of 

how much benzene gains stabilization/resonance energy due to the delocalization of the  

electron is still popularly taught as HRE = 36 kcal/mol.32  

 

Figure 1-6. The empirical RE comparison is based on the heat of hydrogenation of benzene to 

assess the aromaticity by energy. Image is adapted with permission. Copyright (2024) from 

American Chemical Society.31 

 

However, the approach based on heats of hydrogenation as proposed in Figures 1-6, is 

insufficient due to the negligence of steric strain energy contributions and impractical for 

application in more aromatic systems, especially those that are heteroaromatic.33 Therefore, in 

the modern study, RE has been replaced by more precisely defined reference systems called 

aromatic stabilization energy (ASE).34 According to this approach, reference systems are the 
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proposed reactions (which could be experimental or computational) chosen to extract only the 

energy related to the aromatic character of a target molecule. For instance, several conceptual 

reaction models resulting in ASE ranged from 19 to 67 kcal/mol for a benzene molecule that 

undergoes different types of reactions (Table 1-1). Consequently, the choice of reaction design 

is critical because the transformation from reactant to product covers the changes in 

conformation, hybridization, and ring stress.34 

 

Table 1-1. Several ranges of aromatic stabilization energies (ASE) for benzene were obtained 

experimentally and calculated at B3LYP/6-311+G** (+ZPE) level.34  

 

 

2.4. Electronic Criterion 

The less common parameter from aromaticity interpretation is electronic-based measures 

of aromaticity. Since aromaticity stems from π-electron conjugation and ring currents, several 
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methods aim to estimate aromaticity involving electron density analysis or electronic wave 

function. Electron delocalization pathways can be observed through sophisticated experimental 

instruments or computational methods. For instance, direct imaging under scanning tunneling 

microscopy (STM) was able to capture the intramolecular rearrangement of 1,2-bis((2-ethynyl 

phenyl)ethynyl) benzene under thermally induced (Figure 1-7a).35a On the other hand, 

computational aromatic delocalization pathways are also envisaged as currents induced by an 

external magnetic field using the electron density of delocalized bonds (EDDB), gauge 

including magnetically induced current (GIMIC), or anisotropy of the induced current density 

(ACID) methods as presented for [18]annulene (Figure 1-7b).35b  

 

 

Figure 1-7. Visualization of electron pathway: (a) Direct STM images with the schematic 

representation of reactant undergoing experimental intramolecular transformation; (b) various 

computational imaginary tools in delivering electron delocalization pathway of [18]annulene. 

Image is reprinted with permission. Copyright (2024) from AAAS.35a  

 

Despite those sophisticated approaches mentioned above, the HOMO–LUMO energy gap, 

the absolute and relative hardness, the electrostatic potential, and the polarizability are still 

employed to predict electronic criteria as well.36 Another widely used tool for aromaticity 
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observation by electronic criteria is the para-delocalization index (PDI). It is calculated as an 

average value of delocalization indices between all para-related atoms of the ring, which, 

unfortunately, can only be used to estimate the local aromaticity of six-membered rings (since 

it possesses the para-position). However, a correlation between NICS and PDI parameters once 

showed similar results with some tolerations, despite both being addressed each different 

physical manifestations of aromaticity.37 

 

2.5. Reactivity Criterion 

Aromatic compounds reliably undergo electrophilic substitution reactions with greater 

ease than addition reactions. Thus, aromatic compounds tend to retain their initial π-electron 

structure. This criterion, however, is not a property of the ground state of a system but relies on 

the energy difference between the ground state and a transition state, leading to an 

intermediate.24 Meanwhile, the kinetics aspect depends on the energies of the ground, transition, 

and intermediate states, with the possibility of subsequent reactions leading to stable products. 

Consequently, formulating a comprehensive and quantitative criterion for aromaticity based on 

reactivity seems speculative. Despite this, theoretical attempts (primarily for benzenoid 

hydrocarbons) exist to address this issue. 

Typically, reactivity discussion is closely related to the frontier molecular orbital (FMO) 

as Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital 

(LUMO) energies. The idea of absolute hardness,38 the HOMO–LUMO gap,39 and relative 

hardness (the difference between the hardness of a molecule and some hypothetical reference 

structure) is still popularly employed as a criterion of chemical reactivity and stability.40 It 

should be emphasized that, despite being a non-ground-state property, reactivity is still 

attractive to explore in its corresponding to aromatic property.  
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3. Research purpose 

It is possible to evaluate the aromaticity among investigated structures by studying the de-

aromatization profile of an aromatic compound without converting it to an entirely new non-

aromatic structure. It should be noted that aromaticity criteria, as mentioned earlier, cannot be 

equally implemented in the evaluation of the aromaticity of a compound. This is because 

multidimensional equivalent explanations may complicate the more relatable or the more 

desired observation. Hence, this study is set with geometric (both provided by experimental and 

theoretical data), magnetic (NICS(1) and NICS(-1)), and electronic (HOMO-LUMO energy 

gap) as tools to evaluate how distortion inflicted by steric repulsion in the peri-position 

influence dearomaticity, which later promote non-electronic activation. 
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Part II: The Origin of Steric Effect in Organic 

Molecules 

 

1. Steric Effect and Strain 

The steric effects frequently interact synergistically with electronic effects derived from 

electronegativity, such as dipoles, donor-acceptor interactions, inductive effects, conjugation, 

aromaticity, resonance, hyperconjugation, and tautomerism.1a According to the quantum theory, 

the Pauli exclusion principle forbids two electrons with the same spin from occupying the same 

position. As a result, atoms cannot come close together without forming covalent bonds, 

creating strain when there are conflicts between molecular and electron density geometry.1a 

Eventually, molecular strains arise from the electron-electron repulsion of atoms when they are 

too close to each other. This strain can be identified as angle (Baeyer strain), torsion (Pitzer 

strain), and steric (van der Walls strain) strain (Figure 1-8). 

 

Figure 1-8. Different types of strain and their corresponding formula. 

 

Angular strain represents an actual bond angle that is different from the ideal angles of 

geometry, while torsion angle reflects the resistance of the respective bonds to be twisted. On 

the other hand, the steric strain has a non-bonded basis since the interacting moieties cannot be 

linked directly or are at least four bonds away from each other.1b Strain level within similar 

molecules can be rationalized by evaluating its substituents. When the substituent is an atom, 
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comparing measured atomic radii (covalent or van der Waals radius) is sufficient to predict how 

severe the strain will be since the closer the atomic radii, the larger the strain. Finally, when the 

impact of this steric effect is considered in the designing molecular geometry, the outcome on 

intermolecular interactions, reactivity and assembly, electromagnetic behaviors, 

physicochemical properties, and bioactivity can also be estimated.1a  

 

2. Steric Effect and Reactivity 

In organic synthetic chemistry, steric effects mostly lead to these outcomes: (1) preventing 

access for a vital group due to steric hindrance, (2) controlling the conformational preferences 

of products due to steric effects, (3) protecting the active site from getting nucleophilic attack 

by an embedding bulky group, and (4) changing the electronic resonance of a π-bonded 

substituent due to out-of-plane repulsion.2 Therefore, the steric effect may be favorable or 

unfavorable in any reaction. Moreover, there is no definitive rule that dictates which specific 

term for denoting the steric effect, making both “steric hindrance” and “steric strain/repulsion” 

interchangeably used to convey the typical underlying concept involving a geometrical aspect 

of the viewed molecule. 

 

2.1. Retardation 

From a spatial perspective, if two or more functional groups are positioned too closely 

together within a molecule, repulsive forces might hinder molecular motion and prevent certain 

reactions from occurring, in which the steric effect plays a role in retarding the reaction.3 For 

instance, the first report on the hetero Diels–Alder cycloaddition in the formation of 

isoindoloquinolines 3 suggests that steric repulsion between substituents in the aryl group of 1 

prevents the approach of N-vinylpyrrolidone 2 (Scheme 1-1).4  
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Scheme 1-1. Sterically controlled formation of isoindoloquinolines 3 by Diels-Alder reaction. 

 

The product variation drastically changes depending on steric interaction in promoting 

suitable conformers in the reaction between N-substituted 2-vinylpyrroles 4 with dimethyl 

acetylenecarboxylate (5). The transoid conformation 4a inhibits (4+2n) cycloaddition, 

affording only Michael's addition 6a and 6b. Conversely, sufficient interaction adopted cisoid 

conformer leads to a single dihydroindole 7 product (Scheme 1-2).5  

 

Scheme 1-2. Sterically controlled on N-substituted 2-vinylpyrroles 4. 

 

The yield decreases when bulkier substituents on the 6-position are embedded because of 

repulsion between the N-Me group and the alkyl group, which undergoes decarboxylative cine-

substitution at the 4-position of 2-pyridone 8 regioselectively with styrene (9) to 

afford alkenylated product 10 (Scheme 1-3).6 Even though being far away from the reactive 

site, the steric repulsion between the adjacent substituents considerably influences the reactivity. 
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Scheme 1-3. Sterically controlled C-4 alkenylation on 2-pyridone 8 by peripheral bulkiness. 

 

2.2. Acceleration 

A limited amount of literature was collected portraying the opposite impact of the steric 

effect causing acceleration.7 Still, they may help the reactivity by aiding the conformational 

restriction of specific structures. As illustrated, steric buttress support restrained the 

conformational space of N-[(2-allyloxy)benzyl]-3-oxidopyridinium 11, allowing 

intramolecular cycloaddition 12 to proceed smoothly (Scheme 1-4a).8 Similarly, it was a steric 

enhancement that aided cycloaddition on oximes 13 to produce cycloadduct 14 under different 

temperature conditions (Scheme 1-4b).9  

 

Scheme 1-4. Enhanced intramolecular cycloaddition by steric buttresses in ortho-position. 

 

The bulky trityl-protected-N,N-disallylamine 15 possessed steric buttress that aids 

intramolecular, uncatalyzed ene reaction leading to cis-pyrrolidine 16 as a single isomer almost 
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quantitatively. At the same time, the unsubstituted parent amine under the same conditions was 

unfruitful (Scheme 1-5).10 

 

Scheme 1-5. Steric buttressness assists ring closure on the ene reaction. 

 

The bulkiness of the substituent elevates the ring closure of oxazepinones 17 to 

benzoxazepinones 18 due to the rotational restriction of the C–N bond in amine (Scheme 1-6a). 

In an extended work, the modification of 17 into 19 by introducing a triazole ring combined 

with steric repulsion from two methyl groups has raised reactivity 140000 times higher on the 

formation of product 20 (Scheme 1-6b).11  

 

Scheme 1-6. Ring closure employs steric repulsion from the dialkyl group. 

 

3. Steric Effect between Molecular Substituents at peri-Positions 

Since the steric effect is strongly correlated to the geometry and topology of the molecular 

framework, the general discussion on this matter falls into several framework, such as an open 
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chain framework, aromatic unsaturated framework, and cyclic framework.1 Regarding the latter, 

the peri-position of naphthalene brings closer proximity of substituents (in this case, hydrogen 

atoms) than the ortho-position of benzene but slightly higher than the bay-position distance of 

phenanthrene (Figure 1-9) amongst arenes. Due to the limited space available, the rigid, planar 

geometry of naphthalene will strain any other (i.e., non-hydrogen) peri-atoms, compelling the 

two peri-atoms to form sub-van der Waals contacts.12 Thus, the attractiveness of peri-position 

geometry in naphthalene has been discussed in several areas covering aromaticity,13 chelation 

assembly,14 and mechanophore.15   

 

Figure 1-9. Graphical geometry of bay-, peri-, and ortho-position in arenes.   

 

The stability of the non-planar naphthalene ring comes from the unseparated cooperation 

of strain repulsion and π-electron delocalization effects within the system. The steric strain from 

bulky substituents alone can be manifested into four forms: (a) bond’s stretching, (b) in-and-

out plane deflection angles of the substituent, (c) twisted of planar torsion angle, and (d) 

distortion or conceding of the core ring.16 Consequently, the molecules are expected to alter 

their geometrical status, proposing new properties and/or reactivity as a worthy subject to 

observe.17 

Unfortunately, the correlation between steric repulsion in peri-positions increased de-

aromaticity and influence reactivity has been limited for study. The first study found an 

unusually high reactivity of 1-methyl-3,6,8-trinitro-2-quinolone (21) when allowed to react 

with 2,4-pentanedione 22. The cine-substituted product 23 efficiently proceeded on the 

pyridone moiety when the bulkier substituents were embedded at the C8 positions. Conversely, 
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a small substituent as hydrogen atoms failed to complete the reaction even after increasing the 

temperature (Scheme 1-7).18  

 

Scheme 1-7. Steric repulsion-dependent reactivity on quinolone 21 framework. 

 

Since the 8-position was distant from the reaction site, and the electronic properties of the 

8-substituent did not affect the reaction; thus, steric repulsion between substituents was 

presumed crucial. Evidence supporting the role of steric repulsion in the de-aromatization of 

the ring was obtained through X-ray crystallography, revealing a significant difference in the 

dihedral angle due to steric interactions between the N1–Me group and the C8–R substituents 

in substrates 21. 

Inspired by these results, a systematic study on the correlation between steric repulsion 

and reactivity was performed using 8-alkylated 1-methyl-quinolinium salts 24 (Scheme 1-8).19 

As the C8-substituent becomes bulkier, the dihedral angles between the N1–Me and C8–R 

bonds become larger, inducing distortion of the quinoline ring. As expected, the highly distorted 

quinolinium salts underwent fast reactions with sodium tri(acetoxy)borohydride (monitored by 

reaction rate k) corresponding to their distortion in forming adduct 25. The de-aromaticity of 
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quinolinium salts frameworks was also supported by a computational study on its magnetic 

(NICS(1)) and electronic (HOMO–LUMO gap) profiles.  

 

Scheme 1-8. Steric repulsion-dependent reactivity on 8-alkylated 1-methylquinolinium salts 24. 

 

The steric repulsion between peri-substituents in the typical rigid planar aromatic 

naphthalene ring was recently investigated. The transformation of 1,8-diiodonaphthalene (26) 

showed various reactivities to undergo a homocoupling reaction, leading to iodo-rearranged 

products 27 and 28 (known as Halo-Jacobsen rearrangement or halogen dance reaction) and 

binaphthyl 29 by simply relying on its non-electronic activation revoked by steric repulsion 

(Scheme 1-9).20 Surprisingly, the uncrowded with lower steric effect nature of 1,5-

diiodonaphthalene (28) remained intact under the same conditions. 
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Scheme 1-9. Steric repulsion-dependent reactivity between 1,8-diiodonaphthalene 26 and 1,5-

diidonaphthalene 28. 

 

4. Research Purpose 

The study under the premise of steric strain and de-aromaticity mostly revolved around a 

computational approach because a series of strained substrates are not readily available. 

Meanwhile, aromaticity criteria provide an estimation to quantify how deviations from 

planarity in an aromatic system reduce the aromatic character in the -electron system.  

Combining the fact that steric repulsion between the peri-substituents in PAHs is the modest 

way to impose out-of-plane distortion of planarity that exclusively correlates to the geometrical 

aspect of aromaticity, I investigate this topic intending to understand how distorted aromatic 

structures enhance the reactivity of stable and planar aromatic rings such as naphthalene and 

anthracene and propose the non-electronic activation as the sole reason for reactivity behavior 

it may cause.  
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Chapter 2. Steric Repulsion between peri-

Substituents of 1,8-Dimethylnaphthalene Derivatives 

 

1. Introduction 

As the modest acene groups, the flatness and rigid structure of unsubstituted naphthalene 

are considerably facile enough to be distorted by introducing bulky substituents to its 

boundary.1 Using a 1,8-dimethylnaphthalene framework where the bulkiness of substituents is 

introduced by replacing one hydrogen atom of the methyl group with bulky substituents such 

as the hydroxy and bromo group, the distortion imposed by steric repulsion is evaluated, 

including the response of substrates under selected reactivity test (Figure 2-1).  

 

Figure 2-1. Selected substrates to study bulkiness in peri-naphthalene framework. 

 

2. Synthesis and Crystal Study 

The 1,8-disubstituted naphthalenes 1–4 were synthesized in a stepwise manner from 1,8-

naphthalic anhydride (6) (Scheme 2-1). First, 6 was reduced with lithium aluminum hydride in 

the presence of zinc chloride to produce bis(hydroxymethyl) derivative 2.2 The hydroxy groups 

were then efficiently converted to bromomethyl groups by heating with phosphorous tribromide, 

resulting in 1,8-bis(bromomethyl) derivative 3. The subsequent reduction of 3 with sodium 

borohydride yielded 1,8-dimethylnaphthalene 1 quantitatively.3 Additionally, bromination at 

the benzyl position of 3 by N-bromosuccinimide (NBS) produced the bulkier structure, 1,8-

bis(dibromomethyl) derivative 4.4 However, attempts to isolate the tribrominated structure 5 

were unsuccessful because intermediately formed instable 5 was immediately converted to the 
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highly stable structure of 3 and 4 in any three possible routes using 1−3 as substrate. 

Nevertheless, four derivatives of the peri-substituted naphthalene framework were in hand, and 

the single crystal of 1−4 obtained from recrystallization using chloroform as the solvent was 

then put into X-ray crystallography to understand the intermolecular interactions caused by its 

molecular packing system and to know the distortion degree caused by steric repulsion between 

peri-substituents. It is essential to get X-ray crystallography data since their structural 

information can be closely compared to the optimized structure determined computationally 

under the selected level of theory, which secures the reliability of calculated data.5 Some 

selected crystal parameters for naphthalene derivatives are presented in Table 2-1.  

 

Scheme 2-1. Synthesis procedure of peri-substituted derivatives using naphthalic anhydride 6. 
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Table 2-1. Selected crystallographic information for crystal structures 1–4. 

 1 (R = CH3) 2 (R = CH2OH) 3 (R = CH2Br) 4 (R = CHBr2) 

Empirical 

formula 
C12H12 C12H12O2 C12H10Br2 C12H8Br4 

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic 

Space group P21/n P21/n C2/c P21/n 

ɑ (Å) 9.5783(6) 8.4875(4) 23.3250(11) 10.1755(4) 

b (Å) 6.8687(4) 4.8113(2) 7.5802(3) 6.7237(2) 

c (Å) 13.2814(10) 22.4730(9) 12.3748(6) 19.3037(8) 

α (°) 90 90 90 90 

β (°) 92.066(7) 94.379(4) 95.479(4) 100.207(4) 

γ (°) 90 90 90 90 

Z 4 4 8 4 

GOF 1.051 1.098 1.097 1.031 

R indices 

 

R1 = 0.054, 

wR2 = 0.160 

R1 = 0.041, 

wR2 = 0.110 

R1 = 0.036, 

wR2 = 0.107 

R1 = 0.048, 

wR2 = 0.132 

     

ORTEP 

    

 

3. Evaluation of Distortions 

The distortion on the naphthalene ring for each compound is evaluated under geometric 

and magnetic criteria. For the geometric profile, three parameters, (a) horizontal distortion, (b) 

bond distance and atom distance, and (c) vertical distortion, are key points to address in their 

relation to ring distortion.6 The similarity values between X-ray crystallography and optimized 

structures calculated at the B3LYP/6-31G(d,p) level are compared. Next, NICS values obtained 

from the same optimized structure will represent the magnetic evaluation. 

 

3.1. Geometric  

3.1.1. Horizontal Distortions 

Deformability by horizontal evaluation focuses on bond angles and bond 

stretching/compressing in the surrounding area, which is significantly impacted by steric 

repulsion from peri-substituents. Bond angles cornering the C8a position shown in Table 2-2 
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are reviewed to compare the degree of distortion since the sum of three angles in planarity must 

equal 360°. As a result, three atoms connected to C8a carbon remain in-plane, albeit the angles 

are not equally divided. However, all compounds have wider angles  (outer ring) than the 

standard sp2 bond angle (120°), while the other two angles  and  (inner ring) are narrower. 

This indicates that the angle pushed C1 and C8 apart by steric repulsion between the peri-

substituents. Accordingly, the outside angle  at the opposite side (C4–C4a–C5 angle) tends to 

be smaller.  

Table 2-2. Bond angles around the C8a and C4a carbons in 1–4.a 

 

R  / ° / ° / ° / ° 

CH3 1 126.3(1)/125.5 116.6(9)/117.1 117.1(9)/117.3 118.2(1)/118.8 

CH2OH 2 126.3(2)/126.3 117.1(2)/116.9 116.7(2)/116.9 118.5(3)/118.4 

CH2Br 3 128.4(6)/126.2 115.1(5)/116.7 116.5(5)/117.1 117.6(2)/118.5 

CHBr2 4 125.5(1)/128.4 117.2(1)/115.1 117.3(1)/116.4 118.8(2)/117.6 
aMeasured values/Calculated values. Calculated values are from optimized structures at 

B3LYP/6-31G(d,p) level of theory. 

 

Notably, each compound exhibited similar bond angle tendencies regardless of the 

bulkiness of the substituents. This result suggests that the first distortion occurs horizontally by 

absorbing repulsive energy when the peri-substituents become bulky. This energy is the 

manifestation of steric strain energy (van der Waals strain) due to the size variation of 

embedded substituents in peri-position. 

Steric repulsion between peri-substituents should affect not only bond angles but also bond 

distances and interatom distances. Some selected bond lengths and interatom distances are 

shown in Tables 2-3 and Table 2-4, respectively. While bond lengths of 1–4 resemble each 
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other, some partial stretch of the inner bond length (C1–C8a) of 

bis(dibromomethyl)naphthalene 4 is observed as the largest than any other naphthalenes 1–3. 

Adversely, several outer bond lengths (C1–C2, C2–C3, C4–C4a) of 4 appear shorter than the 

rest. Indeed, the bulkier the structure, the more prominent the bond length alternation, as shown 

by naphthalene 4.  

Table 2-3. Bond lengths (Å) in the naphthalene ring in 1–4.a,b 

 
 1 (R = CH3) 2 (R = CH2OH) 3 (R = CH2Br) 4 (R = CHBr2) 

C1–C2 1.375(2)/1.377 1.380(2)/1.384 1.380(4)/1.380 1.370(1)/1.373 

C2–C3 1.407(2)/1.409 1.407(2)/1.408 1.404(4)/1.404 1.380(1)/1.377 

C3–C4 1.358(2)/1.358 1.364(2)/1.370 1.358(4)/1.358 1.370(1)/1.372 

C4–C4a 1.419(2)/1.418 1.421(2)/1.420 1.423(4)/1.422 1.407(9)/1.407 

C4a–C8a 1.442(2)/1.442 1.435(1)/1.445 1.430(4)/1.430 1.434(9)/1.434 

C8a–C1 1.445(2)/1.444 1.447(2)/1.443 1.446(4)/1.446 1.481(9)/1.481 

C4a–C5 1.418(2)/1.419 1.422(2)/1.420 1.422(4)/1.422 1.414(9)/1.414 

C5–C6 1.358(2)/1.358 1.361(2)/1.370 1.360(5)/1.360 1.340(1)/1.338 

C6–C7 1.409(2)/1.407 1.407(2)/1.409 1.400(5)/1.400 1.410(1)/1.410 

C7–C8 1.377(2/1.375 1.380(2)/1.384 1.382(4)/1.382 1.370(1)/1.371 

C8–C8a 1.444(2)/1.445 1.446(2)/1.443 1.446(4)/1.446 1.434(9)/1.434 
aMeasured values/Calculated values. Calculated values are from optimized structures at 

B3LYP/6-31G(d,p) level of theory. 

bValues in bold show the prominently affected bond length amongst the naphthalenes. 

 

On the other hand, the atomic distance between C4 and C5 on the bottom side of the ring 

is also triggered. The larger C1–C8, the shorter C4–C5 of naphthalene 4 compared to the other 

derivatives, due to compression force, is transferred through the ring. The C11–C12 distance 

was found to be longer in naphthalenes 3 than 4, suggesting that its peri-substituents repel more 

severely from each other to accommodate the adjacent C1–C8 (Table 2-4). This anomaly will 
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later be reflected in larger vertical distortions of 3 than 4. In conclusion, when the relaxation of 

steric energy reaches its limits, the naphthalene scaffold is distorted since it must reform the 

bond angle and bond length to some extent to provide spatial convenience for vertical distortion. 

Table 2-4. Selected interatom distances (Å) in 1–4.a,b 

 

  1 (R = CH3) 2 (R = CH2OH) 3 (R = CH2Br) 4 (R = CHBr2) 

C1–C8 2.569(2)/2.568 2.580(2)/2.575 2.580(4)/2.580 2.625(9)/2.625 

C2–C8a 2.429(2)/2.432 2.444(2)/2.444 2.440(4)/2.440 2.459(9)/2.459 

C4–C5 2.442(2)/2.442 2.440(2)/2.440 2.445(5)/2.445 2.413(9)/2.412 

C11–C12 2.961(2)/2.962 2.984(2)3.001 3.058(4)/3.058 2.990(1)/2.986 
aMeasured values/Calculated values. Calculated values are from optimized structures at 

B3LYP/6-31G(d,p) level of theory. 

bValues in bold show the prominently affected bond distance amongst the naphthalenes. 

 

3.1.2. Vertical Distortions 

Vertical distortion of the naphthalene framework is estimated by comparison of three 

dihedral angles – (Table 2-5). Referring to previous works,7 dis-planarity was initially 

addressed using only a torsion angle   formed between C1–C11 and C8–C12 bonds. However, 

the tilting angles on the naphthalene backbone, either that runs across the central bridging 

carbon () or in the same ring system () formed by respective bonds, can be entangled as 

vertical distortions.8  

In the case of naphthalene 1, the torsion angle  = 0.7°, indicating that the coplanarity 

remains. Introducing a hydroxy group to the methyl groups somewhat distorted the naphthalene 

2 ring ( = 4.6°). Next, the larger bromo groups distorted the naphthalene ring to a greater 

degree, as seen with the dihedral angle  reaching 11.0° for 3. Interestingly, 

bis(dibromomethyl)naphthalene 4 (  = 8.3°) is vertically less distorted than 3, although two 
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bromine atoms are introduced to the methyl group. As previously mentioned, the atomic 

arrangement made the C1–C8 distance in 4 smaller than 3 to accommodate convenience in 

spatial interaction between substituents. The ideal conformation allows four bromo atoms in 4 

to be mutually pointed out in different directions to minimize overcrowding. As for 3, the 

arrangement of two bromo atoms is close enough to cause intense resistance of bonds to be 

twisted, resulting in higher . While the dihedral angle  and  of naphthalene 1 are 

undoubtedly slight ( = 0.5° and  = 0.1°), those values of other naphthalenes 2–4 increase 

depending on the bulkiness of substituents. Overall, both  and   of 4 showed the same 

tendency compared to compound 3. 

Table 2-5. Comparison of dihedral angles   (between C1–R and C8–R bonds),  (between 

C1–C8a and C4a–C5 bonds), and  (between C1–C8a and C4–C4a bonds) in naphthalene 1–4.a 

 

R  / ° / ° / ° 

CH3 1 0.7/0.7 0.5/0.6 0.1/0.2 

CH2OH 2 4.6/4.2 2.1/1.7 1.5/1.6 

CH2Br 3 11.0/10.9 4.1/4.9 4.9/4.1 

CHBr2 4 8.3/8.3 3.5/3.2 3.1/3.2 
aMeasured values/Calculated values. Calculated values are from optimized structures at 

B3LYP/6-31G(d,p) level of theory. 

 

3.2.  Magnetic Properties by NICS 

NICS calculations are carried out to estimate the degree of aromaticity for naphthalenes 

1−4 (Table 2-6). A clear example illustrating the inadequacy of NICS(0) for determining 

aromaticity is seen in compound 2. In this case, -electrons from adjacent oxygen atoms 

contribute to the ring currents, resulting in a considerably more negative value (−10.1 ppm) and 
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a higher aromaticity character compared to the other naphthalenes. To minimize the electronic 

effects, particularly from the bromo group positioned orthogonally to the ring plane, NICS(-1) 

for Ring A and NICS(1) for Ring B at a 1 Å distance are examined to assess the loss of 

aromaticity. Consequently, the aromaticity rankings from lowest to highest for Ring A are 1, 2, 

3, 4, whilst for Ring B as 1, 3, 4, 2. This magnetic evaluation indicates that compound 1 is 

somehow losing its aromaticity even though it is less distorted than a prominent non-planar ring 

of 3 and 4. Additionally, a comparison of NICS(1) and NICS(-1) shows an up-field shift for 

compound 3 compared to compound 4, likely related to the more substantial vertical distortion 

in compound 3.  

Table 2-6. NICS calculation for 1−4.a 

 

R 
 Ring A  Ring B 

 NICS(-1) NICS(0) NICS(1)  NICS(-1) NICS(0) NICS(1) 

CH3 1 −11.1 −9.0 −11.1  −11.1 −9.0 −11.1 

CH2OH 2 −11.2 −10.1 −12.0  −11.5 −10.0 −12.0 

CH2Br 3 −11.6 −9.9 −11.1  −11.1 −9.9 −11.6 

CHBr2 4 −11.7 −9.3 −10.7  −10.6 −9.3 −11.7 
aNICS are performed using the GAIO method at B3LYP-6-31G(d,p) level of theory. 

 

4. Reactivity 

4.1. Nitration Reaction 

The nitration reaction, one of the representative electrophilic aromatic substitutions, was 

selected to evaluate the reactivity due to the prior study that stated a congested C4–C4a–C5 

position (here showed by  angle in Table 2-2) as a direct effect from crowded peri-positions 

would cause a difficulty forming 4-nitration than 2-nitration.9 Therefore, since derivatives 1–4 
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are considered horizontally distorted on the opposite parts of the peri-position, the nitration 

product is proposed to follow the same stipulation. However, the outcomes are not entirely 

linear with the hypothesis when naphthalene 1 appeared almost comparable 1:1 of 1A and 1B 

products, while 2 gave nitronic acid ester (32%) (Table 2-7). Presumably, the substituents' 

electronic effect still rules the product's formation in 1 and 2 rather than merely non-electronic 

influencing as proposed. 

Table 2-7. Nitration of 1,8-disubstituted naphthalenes 1−4. 

 

 

In contrast, compound 3 produced 4-nitro products 3B at 12%, while compound 4 was 

unproductive. This result partially supports the earlier proposition where 3's lower   value than 

4 indicates greater steric congestion for the upcoming nitro group. However, the struggle to 

form 2-nitro in these brominated derivatives, especially in compound 4, could be because the 

crowded peri-position hindered the reaction. 

 

4.2. Hydrogenation Reaction 

Another approach to reactivity is catalytic hydrogenation, which was selected due to the 

expectation that the electronic effects of the substituents would be less significant. Naphthalene 
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derivatives were stirred under hydrogen at atmospheric pressure in the presence of a Pd/C 

catalyst in ethanol at room temperature for 1 h (Table 2-8). While naphthalenes 1, 2, and 4 

remained unchanged under these conditions, naphthalene 3 underwent the debromination 

reaction, yielding 1 (68%). Although the focus of the response was primarily on the substituents 

(specifically the methyl group) rather than the unsaturated ring, the high reactivity of 3 is 

intriguing, especially when compared to the inertness of 4, which was subjected to the more 

aggressive conditions.  

Table 2-8. Hydrogenation on 1,8-disubstituted naphthalenes 1–4.a 

 

R  Yield/% Recovery/% 

CH3 1 0 99 

CH2OH 2 0 98 

CH2Br 3 0 21 

CHBr2 4 0 99a 

aReaction conditions: 40 °C, cat. 20 mol%, 1 h. 

 

4.3. Electronic Evaluation 

Among the peri-substituted naphthalenes 1–4, only compound 3 that demonstrates 

significant reactivity in nitration and hydrogenation reactions. From the standpoint of vertical 

distortion, dibrominated naphthalene 3 is more distorted than 4, while 4 primarily experiences 

more horizontal distortions. To gain further insight, I performed structural evaluations and 

density functional theory (DFT) calculations for compounds 1, 3, and 4 at the B3LYP/6-

31G(d,p) level, excluding naphthalene 2 due to its high influence from electronic effects in both 

experimental and computational observations. The calculated structural parameters closely 

align with the actual parameters observed through crystallography (Table 2-9). 
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Table 2-9. Comparison of C−C and C−Br bond length (Å) in 1, 3, and 4. 

 

Parameters C11–Br1 C11–Br3 C12–Br2 C12–Br4 C1–C11 C8–C1 2 

CH3 
crystal — — — — 1.507(2) 1.513(2) 

calc. — — — — 1.517 1.517 

CH2Br 
crystal 1.981(3) — 1.996(3) — 1.499(4) 1.489(4) 

calc. 2.020 — 2.021 — 1.496 1.496 

CHBr2 
crystal 1.986(8) 1.956(7) 1.977(7) 1.947(8) 1.510(1) 1.490(1) 

calc. 1.996 1.976 1.996 1.976 1.502 1.502 

 

The bond lengths between the substituents and ring carbons (C1–C11 and C8–C12) in 

compound 3 are shorter than in compounds 1 and 4, indicating double-bond characteristics. In 

the brominated naphthalenes 3 and 4, the carbon–bromine bonds (C11–Br1 and C12–Br2) are 

orthogonal to the rings and elongated, while the second bonds (C11–Br3 and C12–Br4) in 

compound 4 are shorter. During the nitration reaction, the shorter carbon–bromine bonds may 

have subsequently interacted with the naphthalene system after allowing electron delocalization 

to anti-bonding orbital (*) due to the negative hyperconjugation effect,10 resulting in 

compound 3 appearing more reactive. However, an increase in the number of bromo atoms 

creates steric hindrance; thus, following the same preposition is complicated for compound 4.  

Conclusively, 4 appeared more inert in the nitration reaction. 
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For the hydrogenation reaction, the HOMO-LUMO comparison declares how naphthalene 

4 should have been more reactive than 1 and 3 due to the lower energy gap (Figure 2-2). Still, 

the prominent decrease of LUMO level in 4 is due to the merrier electron withdrawing bromo 

group instead of relying on the geometric distortions 4 had. The relationship between frontier 

energy and the experimental outcomes does not entirely account for the observed results, which 

prompts another alternative explanation. Furthermore, the catalytic surface may be less 

accessible for compound 4 than for compound 3 during the hydrogenation reaction since steric 

hindrance is imposed by the bulky dibromomethyl group. This condition can obstruct the 

approach of certain molecules to the catalytic site, thereby influencing the reaction efficiency. 

Figure 2-2. HOMO and LUMO levels (eV) of 1, 3, and 4. 

 

5. Conclusion 

To summarize the discussions above, the ring distortion occurs in the following order: 1) 

horizontal distortion, 2) vertical distortion, and 3) elongation of the bond and interatom 

distances as their bulkiness increases (Figure 2-3). In detail, when two substituents exist at the 

peri-positions, the outside-ring angles around C9  become more prominent than the sp2 

standard angle (120°), while the inside-ring angles  and  become smaller (horizontal 
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distortion). During this distortion, coplanarity has remained for all compounds. Later on, upon 

replacing one hydrogen atom in the methyl group with bulkier substituents such as hydroxy and 

bromo groups, a larger steric repulsion started to disturb the coplanarity of the naphthalene ring, 

notifying by dihedral angle  as vertical distortion. In addition, as the substituent becomes 

bulkier, interatom distances X and Y become longer, and bond length C also elongates due to 

the steric repulsion between peri-substituents (elongation of bond and interatom distances). 

Furthermore, the bond lengths represented by A and B, along with the interatomic distance 

denoted by Z on the opposite side, experience a reduction in length due to compression. 

 

Figure 2-3. Three observing distortions of the naphthalene ring. 

 

A systematic evaluation method for non-electronic activation is not established because 

the inductive electron-withdrawing and steric hindrance are still influenced. Although it is 

necessary to investigate further in evaluating the reactivity, the correlation between the 

bulkiness of the peri-substituents and distortion of the naphthalene ring will be useful 

information for researchers who study the physical properties of aromatic compounds, 

especially those who aim to modify them. 

 

6. Experimental Section 

 All reagents were purchased from commercial sources and used without further 

purification. TLC on commercial aluminum-backed plates of silica gel 60 F254 was used to 



40 

monitor the progress of the reactions. 1H and 13C-NMR spectra were recorded on a Bruker 

DPX-400 spectrometer (400 MHz and 100 MHz, respectively) in CDCl3 using TMS as an 

internal standard. The assignments of the 13C-NMR were reassured by DEPT experiments. The 

order of aromatic proton of naphthalenes was confirmed with 2D-NOESY. IR spectra were 

recorded with a JASCO FT/IR-4200 spectrometer equipped with an ATM detector. The melting 

points were recorded on an SRS-Optimelt automated melting point system. Diffraction data 

were collected at 103 K under a cold N2-gas stream on a Rigaku XtaLAB Synergy-S/Mo system 

(λ=0.71073 Å (Mo-Kα)). High-resolution mass spectra (HRMS) were obtained from a Bruker 

compact mass spectrometer set at APCI-positive mode. 

A single crystal for each naphthalene was prepared using the slow evaporation method. 

Approximately 10 mg of the compound was dissolved in chloroform (1 ml) and placed in a 

clean dry glass vial. 

All related calculations were performed using the Gaussian 09 package.11 Geometries of 

anthracenes were optimized using B3LYP/6-31G(d,p) level of theory and the structures were 

verified to be minima via frequency. GIAO NMR shifts were employed to extract NICS values. 

  

a. Preparation of 1,8-naphthalenedimethanol (2) 

To a suspension of lithium aluminum hydride (2.6 g, 68 mmol) in tetrahydrofuran (200 

mL), zinc chloride (2.2 g, 68 mmol) was added at -20 °C. Then, 1,8-naphthalic anhydride (6) 

(5 g, 25 mmol) was slowly added, and the resulting mixture was stirred at room temperature for 

1 d. After quenching the reaction with water (20 mL), the pH was adjusted to 4–5 with 1 M 

hydrochloric acid. After the removal of THF and extraction with ethyl acetate (30 mL  3), the 

organic layer was washed with brine (30 mL), dried over magnesium sulfate, and concentrated 

under reduced pressure. The residue was washed with diethyl ether (50 mL) to afford 1,8-

bis(hydroxymethyl)naphthalene (2) (3.85 g, 20.5 mmol, 82%) as colorless needles. 1H NMR 

(400 MHz, CDCl3)  7.87 (dd, J = 8.2, 1.6 Hz, H), 7.56 (dd, J = 7.0, 1.6 Hz, 2H), 7.45 (dd, J = 
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8.2, 7.0 Hz, 2H), 5.30 (s, 4H). Formation of 2 was confirmed by comparison of spectroscopic 

data with those in the literature.2  

b. Preparation of 1,8-bis(bromomethyl)naphthalene (3) 

To a solution of naphthalene 2 (3.0 g, 16 mmol) in 1,4-dioxane (30 mL), phosphorous 

tribromide (1 mL, 10.5 mmol) was slowly added, and the mixture was stirred at room 

temperature for 1 d. After the addition of water (10 mL), the mixture was stirred for 1 h, and 

colorless precipitates were collected via filtration and dried under vacuum to furnish 1,8-

bis(bromomethyl)naphthalene (3) (4.0 g, 12.7 mmol, 82%). 1H NMR (400 MHz, CDCl3) δ 7.89 

(dd, J = 8.2, 1.6 Hz, 2H), 7.63 (dd, J = 7.1, 1.6 Hz, 2H), 7.46 (dd, J = 8.2, 7.1 Hz, 2H), 5.31 (s, 

4H). Formation of 3 was confirmed by comparison of spectroscopic data with those in the 

literature.2  

c. Preparation of 1,8-dimethylnaphthalene (1) 

To a solution of 1,8-bis(bromomethyl)naphthalene (3) (1.6 g, 5 mmol) in dimethyl 

sulfoxide (20 mL), sodium borohydride (970 mg, 25 mmol) was added, and the mixture was 

stirred at 80 °C for 1 d. Water (20 mL) was added, producing white precipitation, and continued 

stirring for 1 h. The white precipitates were collected via filtration and purified by column 

chromatography (eluted by Hexane/EtOAc = 9/1), the purified white needles product gave 

quantitively 1 (0.78 g, 5 mmol, quant.) as colorless needles. 1H NMR (400 MHz, CDCl3) δ 7.67 

(d, J = 8.0 Hz, 2H), 7.31–7.23 (m, 4H), 2.94 (s, 6H). Formation of 1 was confirmed by 

comparison of spectroscopic data with those in the literature.3 

d. Preparation of 1,8-bis(dibromomethyl)naphthalene (4)4 

To a solution of bis(bromomethyl)naphthalene 3 (2.0 g, 6.4 mmol) in carbon tetrachloride 

(40 mL), were added N-bromosuccinimide (2.3 g, 13 mmol) and azobis(isobutyronitrile) (260 

mg, 1.58 mmol), and the mixture was heated under reflux for 1 d. After the addition of water 

(25 mL), the mixture was extracted with ethyl acetate (30 mL  3). The organic layer was dried 

over magnesium sulfate and evaporated, and the residue was treated via column 
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chromatography on silica gel to afford 1,8-bis(dibromomethyl)naphthalene (4) (1.65 g, 3.5 

mmol, 55%, eluted by hexane/EtOAc = 9/1) as pale-yellow crystals. mp 106–109 °C; 1H NMR 

(400 MHz, CDCl3) δ 8.52 (dd, J = 7.5, 1.3 Hz, 1H), 7.85 (dd, J = 8.1, 1.3 Hz, 1H), 7.66–7.56 

(m, 2H), 7.66 (s, 2H); 13C NMR (100 MHz, CDCl3)
 δ 137.1 (C), 134.3 (CH), 133.5 (C), 132.0 

(CH), 126.1 (CH), 123.5 (C), 40.2 (CH2); IR (KBr/cm−1) 672; HRMS (APCI–TOF) calculated 

for [M+H⁺–Br]+ C12H8Br3: 390.8150, found: 390.8200. 

e. Nitration reaction for peri-substituted naphthalenes  

To a solution of peri-substituted naphthalene (0.3 mmol) in chloroform (3 mL), a solution 

of nitric acid HNO3 (d = 1.42, 53 L, 1.2 mmol) in acetic anhydride (1.5 mL) was added. After 

stirring the resultant mixture at room temperature for 4 h, water (10 mL) was added, and the 

mixture was extracted with chloroform (20 mL  3). The organic layer was washed with 2 M 

sodium hydrogen carbonate aqueous solution (10 mL), dried over magnesium sulfate, and 

evaporated. The residue was treated via column chromatography on silica gel to afford nitrated 

products (eluted by hexane/EtOAc = 9/1). 

1A: (26 mg, 0.13 mmol, 44%). 1H NMR (400 MHz, CDCl3) δ 7.72 (dd, J = 11.2, 8.2 Hz, 2H), 

7.61 (d, J = 8.2 Hz, 1H), 7.48–7.38 (m, 2H), 2.94 (s, 3H), 2.88 (s, 3H). The formation of 1A 

was confirmed by a comparison of spectroscopic data with those in the literature.2 

1B: (34 mg, 0.17 mmol, 56%). 1H NMR (400 MHz, CDCl3) δ 8.22 (dd, J = 8.8, 1.3 Hz, 1H), 

7.88 (d, J = 7.1 Hz, 1H), 7.50 (dd, J = 8.8, 7.8 Hz, 1H), 7.40 (d, J = 7.1 Hz, 1H), 7.31 (dd, J = 

7.8, 1.3 Hz, 1H), 2.99 (s, 3H), 2.96 (s, 3H). Formation of 1B was confirmed by comparison of 

spectroscopic data with those in the literature.2 

3B: (13 mg, 0.03 mmol, 12%). mp 114-117 °C; 1H NMR (400 MHz, CDCl3) δ 8.30 (dd, J = 8.8, 

1.4 Hz, 1H), 7.94 (d, J = 8.0 Hz, 1H), 7.76 (dd, J = 7.2, 1.4 Hz, 1H), 7.69 (dd, J = 8.0 Hz, 1H), 

7.67 (dd, J = 8.8, 1.4 Hz, 1H); 13C NMR (100 MHz, CDCl3)
 δ 149.8 (C), 139.3 (C), 134.5 (CH), 

131.1 (CH), 130.1 (C), 128.7 (CH), 127.4 (C), 125.6 (CH), 124.9 (C), 122.1 (CH), 36.1 (CH2), 
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35.1 (CH2); IR (KBr/cm−1) 1526, 767; HRMS (APCI–TOF) Calcd. for [M+H]+ C12H9Br2NO2: 

359.9053, found 359.9103.  

f. Hydrogenation reaction for peri-substituted naphthalenes 

To a solution of peri-substituted naphthalene (0.3 mmol) in ethanol (8 mL), 5 wt% Pd/C 

(10 mg, 2 mol%) was added. After bubbling hydrogen gas for 1 min, the test tube was sealed 

and stirred at room temperature for 1 h. After filtration using celite, the filtrate was concentrated, 

and the residue was subjected to proton 1H NMR analysis. 
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Chapter 3. Steric Repulsion between peri-

Substituents of 1,8-Dichloroanthracene Derivatives 

 

1. Introduction 

Bending and twisting angles are widely used to create planarity distortion in polycyclic 

aromatic hydrocarbons (PAHs).1 Due to strain distribution, different geometry is produced on 

the acene framework; bending introduces greater distortion in the central rings (Figure 3-1, left), 

while uniform distortion is formed in the case of end-to-end twists along the acene framework 

(Figure 3-1, right). Controlling and isolating these distortions is challenging when the goal is 

to obtain specific electronic, magnetic, and optical properties in products.2 Nevertheless, several 

experimental studies and computational evaluations have linked features of dis-planarity and 

aromaticity, yielding insightful results in the acene framework. Some state that chemical 

reactivity increases following bending than twisting deformations.3 Furthermore, the frontier 

molecular orbital, HOMO–LUMO gap, decreases slightly as the ring distortion increases,2 

which is similar to the behavior of π-electron delocalization on the evaluated ring.4  

 
Figure 3-1. Schematic illustration of bending and twisting feature in an acene ring. Image is 

reprinted with permission to modify from John Wiley  Sons (License Number: 

5933431452926).1 
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Several studies on deformation and aromaticity evaluation have been conducted in fully 

substituted anthracenes such as decaphenylanthracene,5 and decachlroanthracene.6 However, 

no report currently focuses on steric repulsion by bulkiness only on the peri-position. Hence, 

ring distortion and reactivity are evaluated using 1,8-dichloroanthracene, where bulkiness is 

introduced at the 9-position by various alkyl groups. To demonstrate how significant ring 

distortion reduces aromatic properties, the corresponding 10-substituted anthracenes are also 

prepared as a comparison (Figure 3-2). 

 

Figure 3-2. Selected substrates to study bulkiness in the peri-anthracene framework. 

 

2. Synthesis and Crystal Study 

According to the reported methods,7-10 9- and 10-substituted 1,8-dichloroanthracenes 4 

and 5 were prepared in a stepwise manner (Scheme 3-1). First, the treatment of 1,8-

dichloroanthraquinone 1 with tin(II) chloride underwent a single reduction to afford a mixture 

of regioisomeric anthrones 2A and 2B, while a double reduction led to unsubstituted 1,8-

dichloroanthracene 3 upon treatment of 1 with sodium borohydride. Two subsequent steps were 

used to introduce the alkyl groups: alkylation using Grignard reagents on the carbonyl group 

and dehydration using thionyl chloride. To confirm the possibility that the electronic effect of 

the substituent may influence the reactivity, methoxy derivatives showing electron-donating 

resonance effect were also prepared by O-methylation of anthrones 2A and 2B using dimethyl 

sulfate in the presence of sodium hydride. 
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Scheme 3-1. Synthesis procedure of anthracene derivatives using 1,8-dichloroanthraquinone 1. 

 

Crystals for X-ray crystallography analysis were grown in a slow-evaporation-

recrystallization process surveying certain solvents as hexane for 4b, and chloroform for 4e, 5b, 

5c, 5d, and 5e besides for previously reported data of 3,11a 4a,11b and 5a11b (Table 3-1). However, 

a suitable single crystal could not be obtained for 4c and 4d despite relentless recrystallization 

efforts because of instability for air oxidation. When optimized structures in a gas phase were 

calculated for all anthracenes using the B3LYP-D3/6-311G+(d,p) level of theory, the results 

were in a comparable agreement between the computed structure and the observed ones for all 

anthracenes (see Table 3-2, Table 3-3, and Table 3-4). Hence, the missing blanks for 4c and 4d 

can be tolerated using their calculated data. 

 

 



48 

Table 3-1a. Selected crystallographic information for crystal structures 3–4. 

 3 (R = H) 4a (R = Me) 4b (R = Et) 4e (R = MeO) 

Empirical 

formula 
C14H8Cl2 C15H10Cl2 C16H12Cl2 C15H10Cl2O 

Crystal system Monoclinic Monoclinic Monoclinic Orthorhombic 

Space group P21/c (#14) P21/n (#14) P21/c (#14) Pnma (#62) 

ɑ (Å) 19.0070(14) 10.15040(18) 7.8986(5) 7.1998(4) 

b (Å) 3.9621(3) 8.46384(14) 11.8645(5) 19.0743(10) 

c (Å) 15.1370(11) 26.8184(5) 13.6224(7) 8.8574(5) 

α (°) 90 90 90 90 

β (°) 107.4103(15) 94.3324(17) 102.460(5) 90 

γ (°) 90 90 90 90 

Z 4 8 4 4 

GOF 1.146 1.093 1.061 1.151 

R indices 

 

R1 = 0.0278, 

wR2 = 0.0827 

R1 = 0.0396, 

wR2 = 0.1065 

R1 = 0.0347, 

wR2 = 0.0945 

R1 = 0.0582, 

wR2 = 0.1705 

ORTEP 

    

 

Table 3-1b. Selected crystallographic information for crystal structures 5. 

 5a (R = Me) 5b (R = Et) 5c (R = nPr) 5d (R = iPr) 5e (R = MeO) 

Empirical 

formula 
C15H10Cl2 C16H12Cl2 C17H14Cl2 C17H14Cl2 C15H10Cl2O 

Crystal 

system 
Orthorhombic Monoclinic Triclinic Monoclinic Monoclinic 

Space 

group 
Pnma (#62) P21/c (#14) P-1 (#2) P21/c (#14) P21/c (#14) 

ɑ (Å) 15.2621(9) 5.1457(2) 10.2371(5) 10.2232(8) 3.9754(3) 

b (Å) 18.8630(11) 14.9861(7) 10.2662(4) 11.8221(7) 14.3545(13) 

c (Å) 3.8738(2) 16.6489(7) 14.6413(7) 12.2349(8) 20.965(2) 

α (°) 90 90 79.915(4) 90 90 

β (°) 90 93.336(4) 76.524(4) 111.114(8) 91.266(8) 

γ (°) 90 90 64.289(5) 90 90 

Z 4 4 2 4 4 

GOF 1.154 1.059 1.069 1.033 1.036 

R indices 

 

R1 = 0.0747, 

wR2 = 0.2023 

R1 = 0.0361, 

wR2 = 0.0889 

R1 = 0.0359, 

wR2 = 0.0942 

R1 = 0.0510, 

wR2 = 0.1546 

R1 = 0.0523, 

wR2 = 0.1474 

ORTEP 
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3. Evaluation of Distortions 

The distortion on the anthracene ring for each compound is still evaluated under geometric 

and magnetic criteria. For distortion based on geometric profile, two significant parameters 

such as (a) horizontal distortion, consisting of bond length, atomic distance, and bond angles, 

and (b) vertical distortion, including torsion, bending, and twisting angles, will be discussed 

thoroughly.  Additionally, the data will be accompanied by a summary in graphs to facilitate 

the observation of trends in distortions as bulkiness increases. Finally, NICS values obtained 

from the same optimized structure are provided for the magnetic evaluation. 

 

3.1.  Geometric 

3.1.1. Horizontal Distortions 

For horizontal review, only one side from each related parameter was displayed in Figure 

3-3 because both sides exhibited almost the same values as shown in Table 3-2. The bond length 

of C9–C9a/ A increases particularly in the case of 9-isopropyl derivative 4d, accompanied by a 

decline in C10–C4a/ B. In the case of the 10-substituted anthracene 5 series, a reversed pattern 

was observed for the same parameter because of the opposite substitution position, where the 

bond length of C10–C4a becomes longer while C9–C9a becomes shorter (Figure 3-3a). 

Regarding interatomic distance, methoxy substituted 4e has a notably high value for its C9a–

C8a/ X compared to those of other alkyl substituted derivatives because the oxygen atom of 4e 

is located nearly in-plane with two chloro atoms (Figure 3-3b). Consequently, an intense 

horizontal distortion causes an enlarging distance between C9a and C8a on 4e. Among alkyl-

substituted anthracenes, methyl and isopropyl derivatives 4a and 4d have similarly high values. 

The interatomic distance for C4a–C10a/ Y of 5d and 5e was longer than that of the others; 

however, the difference is insignificant.  
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On the other side, the inner bond angles where an alkyl or a methoxy group is attached 

(C8a–C9–C9a/  and C4a–C10–C10a/  for 4 and 5, respectively) become narrow when the 

bulkiness of the substituent increases (Figure 3-3c). The narrow bond angle suggested a 

remarkable shift to the s-character of C9 and C10 for the bulkier 4d (117.7°) and 5d (119.5°) 

due to a bigger deviation from planarity.12 Inner bond angles, C1–C9a–C4a/  and C4–C4a–

C9a/ , in the fused ring were also affected by substituent repulsion, where these angles become 

smaller as enlargement of the alkyl substituent, whereas the angle of 5d shows the opposite 

trend (Figure 3-3d).  

 
Figure 3-3. Summary of horizontal distortion’s trend as bulkiness increases in peri-position of 

anthracenes 3−5. 
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Table 3-2a. Selected parameters evaluating horizontal distortions on anthracene 3−4.a 

 

Parameters 3 4a  4b 4c 4d 4e 

Bond 

length 

(Å) 

C9–C9a/ A 
1.397(1) 1.418(3) 1.419(2) — — 1.413 

1.398 1.421 1.421 1.420 1.429 1.417 

C9–C8a 
1.399(2) 1.423(3) 1.423(2) — — 1.413 

1.398 1.421 1.423 1.423 1.429 1.417 

C10–C4a/ B 
1.400(2) 1.395(3) 1.386(2) — — 1.391 

1.398 1.392 1.392 1.392 1.390 1.393 

C10–C10a 
1.398(1) 1.389(3) 1.392(2) — — 1.391 

1.398 1.392 1.393 1.393 1.390 1.393 

Atomic 

distance 

(Å) 

C9a–C8a/ X 
2.433(1) 2.448(3) 2.442(2) — — 2.475(2) 

2.441 2.448 2.443 2.443 2.447 2.479 

C4a–C10a/ Y 
2.444(1) 2.433(3) 2.492(2) — — 2.437(3) 

2.448 2.434 2.432 2.432 2.428 2.443 

Bond 

angle 

( °) 

C8a–C9–C9a/  

 

120.9(1) 119.0(2) 118.5(1) — — 122.4 

121.6 119.0 118.4 118.5 117.7 122.1 

C4a–C10–C10a/ 

 

121.7(1) 121.8(2) 122.0(1) — — 122.3 

122.2 121.9 121.7 121.7 121.7 122.5 

C1–C9a–C4a/ 

  

117.1(9) 114.6(2) 114.2(1) — — 115.8(2) 

117.0 114.8 114.9 114.9 113.9 115.9 

C8–C8a–C10a 
116.9(9) 114.9(2) 120.7(1) — — 120.3(2) 

117.0 114.8 120.7 120.7 121.5 120.6 

C4–C4a–C9a/  

 

119.7(1) 120.8(2) 114.3(1) — — 115.8(2) 

119.6 120.9 114.8 114.8 113.7 115.9 

C5–C10a–C8a 
119.6(1) 120.7(2) 121.1(1) — — 120.3(2) 

119.6 120.9 120.9 120.9 121.4 120.6 

aMeasured and calculated values are shown as upper and lower rows, respectively. 
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Table 3-2b. Selected parameters evaluating horizontal distortions on anthracene 5.a 

 

Parameters 5a 5b 5c 5d 5e 

Bond 

length (Å) 

C9–C9a/ A 
1.391 1.391(2) 1.394(2) 1.385(3) 1.394(3) 

1.393 1.394 1.394 1.392 1.397 

C9–C8a 
1.391 1.393(2) 1.399(2) 1.395(3) 1.392(4) 

1.394 1.394 1.394 1.391 1.397 

C10–C4a/ B 
1.414 1.409(2) 1.416(2) 1.415(3) 1.399(4) 

1.413 1.412 1.414 1.419 1.404 

C10–C10a 
1.414 1.416(2) 1.416(2) 1.417(3) 1.399(3) 

1.415 1.414 1.414 1.422 1.404 

Atomic 

distance 

(Å) 

C9a–C8a/ X 
2.420(3) 2.422(2) 2.430(2) 2.424(3) 2.425(3) 

2.431 2.431 2.431 2.428 2.436 

C4a–C10a/ Y 
2.453(3) 2.445(2) 2.447(2) 2.443(3) 2.451(3) 

2.450 2.449 2.449 2.454 2.457 

Bond 

angle ( °) 

C8a–C9–C9a/  

 

120.9 120.9(1) 120.9(1) 121.4(2) 121.1(2) 

121.4 121.4 121.4 121.5 121.4 

C4a–C10–C10a/ 

 

120.3 120.0(1) 119.6(1) 119.2(2) 122.4(2) 

120.1 120.3 120.0 119.5 122.1 

C1–C9a–C4a/ 

  

117.1(2) 117.9(1) 117.8(1) 118.4(1) 116.5(2) 

117.9 117.8 117.8 118.4 116.8 

C8–C8a–C10a 
117.1(2) 117.7(1) 117.8(1) 116.4(2) 119.5(2) 

117.8 118.1 118.1 117.1 120.0 

C4–C4a–C9a/  

 

118.3(2) 117.7(1) 118.1(1) 118.3(2) 116.4(2) 

117.8 117.8 117.8 118.5 116.8 

C5–C10a–C8a 
118.3(2) 117.9(1) 117.8(1) 117.2(2) 120.1(2) 

118.3 118.1 118.1 116.9 120.0 

aMeasured and calculated values are shown as upper and lower rows, respectively.  
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3.1.2. Vertical Distortions 

Since anthracene 3 possesses no substituent at the 9- and 10-position, this structure will be 

excluded from further discussion regarding vertical distortions. For vertical distortions, each 

torsion angle () from respective bonds C1−Cl1//C9−R and C8−Cl2//C9−R for anthracene 4 

and C4−H4//C10−R and C5−H5//C10−R for anthracene 5 were evaluated (Table 3-3). However, 

the trend in the graph will only display the larger dihedral angle from those unsymmetrical 

geometries, respectively. This is intended to simplify interpretation and harmonize the data 

using similar sources among all anthracenes. As a result, anthracenes 4 promote dihedral angles 

with over 30° angles and a steady increase for , giving the precise order of 4a < 4b  4c < 4d 

(Figure 3-4a). Conversely, only 0–2° of dihedral angle was observed for the 5 series, indicating 

that coplanar structures were maintained due to minimal steric repulsion from distant 

substituents. 

Figure 3-4. Summary of vertical distortion’s trend as bulkiness increases in peri-position of 

anthracenes 4−5. 
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Table 3-3. Torsion angle evaluating vertical distortion on anthracenes 4−5.a 

 

Parameters 4a 4b 4c 4d 4e 

Dihedral 

angle ( º) 

C1–Cl1 with C9-R 
31.5(1) 36.7(1) — — 8.1 

33.4 37.2 37.7 41.4 9.1 

C8–Cl2 with C9–R/ 
31.6(1) 40.1(1) — — 8.1 

33.4 41.5 42.0 43.4 9.2 

 5a 5b 5c 5d 5e 

C4–H4 with C10-R/ 
0.6 0.3 0.8 5.9 1.4 

0 1.8 1.7 0 1.7 

C5–H5 with C10–R 
0.6 1.0 1.4 7.5 1.6 

0 1.8 1.7 0 1.7 

aMeasured and calculated values are shown as upper and lower rows, respectively. 

 

Table 3-4. Bending and Twisting angle evaluating vertical distortion on anthracenes 4 and 5.a 

 

Parameters 4a 4b 4c 4d 4e 5a 5b 5c 5d 5e 

Dihedral angle ( º) 

 
4.9 6.9 — — 1.8 6.9 1.1 0.4 1.9 2.2 

4.9 8.2 7.6 6.1 1.9 4.9 2.6 2.7 0 1.4 

τ 
1.5 4.6 — — 0 0 0.5 0.5 1.9 2.2 

0 2.3 2.6 2.2 0 0 0 0 0 0 

aMeasured and calculated values are shown as upper and lower rows, respectively. 
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Additional parameters of vertical distortion derived from the bending and twist angles 

were studied according to the literature.1 However, the bending angle interpretation will slightly 

differ from those illustrated in Figure 3-1, as it is based on the best planes created by terminal 

carbons of the outer six-membered ring and two carbon atoms in the central ring (Table 3-4).6 

For the bending angle () on the central ring, 9-ethyl and 9-propylanthracenes 4b and 4c 

revealed high values among series 4. The decreasing trend of  in both series is presumably 

due to the participating atoms that created  experiencing horizontal strain and elongation of 

the bond length intensively. Meanwhile, the most significant twisting angle () was only owned 

by 9-ethyl 4b, 9-propyl 4c, and 9-isopropylantracene 4d, as they showed around 2 degrees from 

calculated data (Table 3-4). 

 

3.2.   Magnetic Properties by NICS 

To confirm the effect of substituent repulsion on aromaticity, NICS calculations were 

conducted on the central ring, which is indeed the most distorted ring (Table 3-5). 

Table 3-5. NICS values (ppm) at the central ring of anthracene 3−5.a 

 

R9 = R10 
 Anthracene 3 and 4  Anthracene 5 

 NICS(-1) NICS(0) NICS(1)  NICS(-1) NICS(0) NICS(1) 

H  −12.8 −11.4 −12.8  — — — 

Me a −12.2 −11.0 −12.5  −12.6 −11.2 −12.6 

Et b −11.9 −10.8 −13.1  −12.7 −11.4 −12.8 

nPr c −11.9 −10.9 −13.3  −12.7 −11.2 −12.8 

iPr d −11.3 −10.7 −12.9  −12.6 −11.3 −12.6 

MeO e −12.2 −10.2 −12.9  −12.8 −12.3 −13.0 

aNICS are performed using the GAIO method at B3LYP-D3/6-311G+(d,p) level of theory. 
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For the most planar structure of anthracene 3, the NICS(0) value was −11.4 ppm, and both 

NICS(-1) and NICS (1) shifted to a lower field of −12.8 ppm, indicating an increase in 

aromaticity. Since unsymmetrical rings trigger magnetically inequivalent sides of the ring, 

NICS(0) 3 becomes essential as a standard value to compare the deviation of  NICS(0) for 4 

and 5. Hence, the variation of NICS(0) values across all anthracenes is considered tolerable.  

 To assess how the imposed steric repulsion affects aromaticity, two different perspectives 

of NICS(1) and NICS(-1) must be thoroughly analyzed. First, NICS(1) data reveal that the 

upper part of the ring, where the ghost atom “Bq” is positioned near the outward-pointing 

substituents, exhibits diatropic ring currents (values ranged from −12.5 to −13.1 ppm). While 

this quickly indicates a higher aromaticity character for all anthracenes 4 in comparison to 5, 

the influence of molecular orbitals from nearby alkyl groups is likely to play a role. As seen 

from the side view of optimized structures, the unsymmetrical arrangement of substituents on 

the ring creates a convex outer surface on the upper part of the ring and a concave inner surface 

on the bottom, in which the former can add electron density to ghost atom in NICS(1) (Figure 

3-5). 

 

Figure 3-5. The side-view from optimized structures calculated at B3LYP-D3/6-311G+(d,p) 

level of theory of anthracenes 4−5. Bq atom positioned 1 Å above the plane for NICS(1) 

illustrates the close disturbance from nearby substituents.    
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Secondly, the examination of the NICS(-1) for the lower part of the ring, which 

experiences minimal interference from substituents, reveals opposite outcomes. Although 

appeared almost insignificant different from NICS(1), assessing aromaticity via NICS(-1) will 

bring anthracene 5 as the framework with greater aromatic character than 4 in a general 

observation (Table 3-5). 

Regarding the trend in bulkiness, 9-alkylated anthracenes 4 show a decrease in aromaticity 

following the upper shift of NICS(-1) as the size of the alkyl group increased. These findings 

suggest that steric repulsion between peri-substituents effectively distorts the coplanarity of the 

anthracene framework, leading to a decrease in aromatic character by magnetic evaluation.  

It is essential to state that inaccuracies may arise in the NICS(-1) and NICS(1) values due 

to the uniform bending of the molecules away from planarity in the central ring. This bending 

may increase the distance to the NICS(1) ghost atom above the convex surface to more than 1 

Å. In contrast, the distance to the NICS(-1) ghost atom, positioned below the concave surface, 

reliably decreases to less than 1 Å. Nonetheless, the computation was executed carefully, 

ensuring that the NICS(0) Bq atom was aligned parallel to the formed plane of the central ring. 

 

4. Reactivity 

4.1.  Diels–Alder Reaction 

To evaluate the non-electronic activation of the anthracene ring by inter-substituent 

repulsion, the Diels–Alder reaction using maleic anhydride as a dienophile was selected. 

Initially, it was considered that a less hindered structure with a solid electronic effect would 

result in a more electron-rich central ring, potentially making it highly reactive. Thus, I 

prioritized the optimization of compound 5e, as its outcomes will provide valuable insights into 

the behavior of other anthracene compounds. 
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Based on the optimized results presented in Table 3-6, using a nonpolar solvent at a 

moderately low temperature was found to be the most effective condition. When polar solvents 

were used, the conversion of maleic anhydride to maleic anhydride was promoted, resulting in 

a lower product yield. In contrast, the nonpolar solvent proved to be more advantageous as it 

facilitated the formation of solid cycloadducts, thereby, simultaneously reducing the likelihood 

of the retro-Diels–Alder reaction.  

Table 3-6. Optimization reaction using 5e to form cycloadduct 8e.a 

 

Entry Solvent Temp./ oC Yield/% Recovery/% 

1 DMF 100 0 98 

2 THF 80 17 70 

3 1,4-Dioxane 100 0 98 

4 Benzene 80 50 15 

5 Toluene 100 25 49 

aConditions: 5e (0.3 mmol), maleic anhydride (0.6 mmol, 2 eq.), solvent (2 mL). 

 

Under the optimum conditions in hand, anthracenes 4 and 5 underwent the Diels–Alder 

reaction without any detectable by-products, and the higher the bulkiness of the substituent is, 

the greater the yield of the adduct is (Table 3-7). Furthermore, all 9-alkylanthracenes 4 exhibit 

higher reactivity than their 10-alkyl-substituted counterparts 5, corresponding to the distortion 

degree. Interestingly, the substitution of the electron-donating methoxy group resulted in a 

lower yield against the alkyl-substituted anthracenes. Especially for the anthracene-bearing 

bulkier alkyl group, a marked difference was observed. According to these outcomes, it is safe 

to propose that the effect of electronic donation has a less notable impact. 
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Table 3-7. Evaluation of reactivity by Diels–Alder reaction on anthracene 3−5 forming 

cycloadducts 6−8.a 

 

Entry 
Anthracenes  Cycloadducts 

Recovery/% 
R9 R10    Yield/% 

1 H H 3  6 43 46 

2 Me H 4a  7a 79 15 

3 Et H 4b  7b 75 20 

4 nPr H 4c  7c 80 12 

5 iPr H 4d  7d 91 5 

6 MeO H 4e  7e 75 18 

7 H Me 5a  8a 50 35 

8 H Et 5b  8b 63 20 

9 H nPr 5c  8c 58 30 

10 H iPr 5d  8d 75 12 

11 H MeO 5e  8e 53 36 

aConditions: Anthracenes (0.3 mmol), maleic anhydride (0.6 mmol, 2 eq.), solvent (2 mL). 

 

4.2.  Reaction Monitoring via Pseudo-First-Order Reaction 

Pseudo-first-order rate constants of the Diels–Alder reaction were compared to evaluate 

the reactivity of anthracenes 3–5 in detail, where ten equivalents of maleic anhydride were 

employed. In these experiments, the decrease of the anthracenes was monitored by the 1H NMR 

per designated time until its 75% consumption, and CDCl3 was used as a solvent because of the 

necessity to dissolve excess amounts of dienophile (Figure 3-6a and 3-6b). Substituted 

anthracenes 4 and 5 underwent reactions faster than 3, and 9-substituted anthracenes 4 reacted 

faster than their 10-substituted analogs 5, indicating that more distorted anthracenes revealed 

higher reactivity. In the given observation, rate constant (k) indicates the order of reactivity 

from the lowest to the highest as 4e < 4d < 4c < 4a < 4b by 5-minutes-interval of measurements 
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(Figure 3-6c).  

Figure 3-6. Reaction monitoring via Pseudo-First-Order reaction on Diels−Alder reaction. 

 

For 4 series, it would be appropriate to assess reactivity by considering two standpoints: 

the activation effects due to ring distortion and possible inhibition by steric hindrance. 

Consequently, 4b, with its modest distortion and less steric congestion, could exhibit the highest 

reaction rate constant against the other substituents, whereas 4c and 4d were understandable 

and might be suppressed due to intense steric hindrance. Meanwhile, the least distorted with 

the smallest substituent of 4a came in second place by balancing the nature of its geometrical 

features.  

Conversely, the 10-substituted anthracenes 5 followed the reactivity order: 3 < 5e < 5c < 

5b < 5a < 5d, with a longer duration of 15-minute intervals needed to achieve 75% substrate 

consumption (Figure 3-6d). We can recognize that in the 5 series, steric hindrance 
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predominantly affects the rate constant because this framework has less steric distortion, 

regardless of the bulkiness of substituents. On a related note, 10-isopropylanthracene 5d, which 

shows a remarkable horizontal distortion in Figure 3-4, exhibited the highest reaction rate 

constant contrary to 4d, in which rate constants of both 4d and 5d were almost comparable 

(18.1 and 16.7, respectively). These results suggest that Diels–Alder reaction of anthracenes 

with a bulky group strictly follows kinetic control caused by steric hindrance rather than 

thermodynamic control induced by steric distortion. Interestingly, 4e and 5e, possessing an 

electron-donating methoxy group, exhibited lower reactivity despite likely contributing greater 

electron density to the ring than the alkylated derivatives. Therefore, an electronic evaluation 

is necessary to understand methoxy-substituted anthracenes' unique behavior better. 

 

4.3.  Electronic Evaluation 

The reactivity profile of anthracene while undergoing the Diels–Alder reaction was 

examined by the HOMO and LUMO energies comparison. Accordingly, anthracene 4 was more 

reactive than anthracenes 3 and 5, due to its lower energy gap as shown in Figure 3-7. It is worth 

mentioning that anthracenes 4 and 5 exhibited similar HOMO and LUMO values in the same 

series, despite the differences in the bulkiness of their substituents and vertical distortions they 

owned. 

By comparing all structures to 3, both methoxylated 4e and 5e showed a slight rise in 

HOMO level compared to the alkylated series. This indicates that geometrical distortions are 

more determined than electronic influences. As previously reported, anthracenes that 

experience greater bending deformation tend to maintain consistent HOMO–LUMO energy 

gaps, whereas more twisted structures exhibit a gradual decrease in both energy values. 

Referring to Table 3-4, indeed, 4b−d owned the highest bending angle and comparable twisting 

angle to one another. Still, 4d was also advantaged by a significant torsion angle (see Table 3-

3),13 resulting in the highest HOMO level amongst all anthracenes (HOMO = −5.66 eV).  
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Figure 3-7. HOMO and LUMO levels (eV) of anthracenes 3−5. 

 

While comparing the interaction between the frontier molecular orbital (FMO) 

HOMOanthracene and the LUMOmaleic anhydride, the methoxy derivatives resulted in a higher energy 

gap (E) than the bulkier isopropyl derivative for both frameworks (Figure 3-8). This result 

strengthens the proposition that the anthracene framework is less influenced by the electron-

donating property of the methoxy group. 

 

Figure 3-8. Energy diagram (eV) between HOMOanthracenes and LUMOmaleic anhydride treated as 

separate reactants. 
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4.4.  Single Point Analysis on Transitional State 

To effectively analyze the irregular reactivity order of alkylated anthracenes 4 and 5, as 

shown in Figure 3-6, I focus on their planarity-disoriented characteristics by conducting a robust 

computational analysis assessing asynchronicity (incipient bond distances) and Gibbs free 

energy (ΔG‡ and ΔG°). This analysis is based on a precise single-point evaluation of the 

optimized transition state (TS) between anthracene and maleic anhydride, providing clear 

insights into the underlying mechanisms (Table 3-8). The energy profiles for reactants 

(anthracene and maleic anhydride), transitional states, and cycloadditions product were 

gathered and plotted using DFT/B3LYP with basic set 6-311+G(d,p), in which TS structure 

was reassured by showing only one imaginary frequency.   

The asynchronous degree is generally used to describe a favorable Diels–Alder reaction, 

stating that the shorter the difference of the incipient bond distance value, the greater 

the overlapping molecular orbital, leading to a smooth response.14 The position of the 

substituent displays a harmonized increase for incipient bond distances in alkylated anthracene 

4 (m) and 5 (n), respectively (Table 3-8). The difference between m and n (Δm/n) of TS–4 was 

0.1 Å longer than that of TS–5, in which TS–4d shows the immense Δm/n value (0.66 Å). 

Given this result, a considerable Δm/n value indicates a possibility of another reaction route, 

namely stepwise cycloaddition. Therefore, a particularly low reaction rate of 4d might be due 

to the alternative reaction mechanism. 

On the other side, the activation energy barrier to reach the transition state revealed 

moderate variations in ΔG‡ in both TS 4 and 5 series. Interestingly, such a small substituent 

of methyl gave a notable lowest activation energy of TS−4a (ΔG‡ = 7.8 kcal/mol) and energy 

barrier for product formation (ΔG° = −20.9 kcal/mol), indicating how kinetically and 

thermodynamically favored this reaction should be. This is supported by the smoothness 

reaction observed in a pseudo-first-order experiment. The methoxy-substituted anthracenes 

TS−4e and TS−5e appeared the highest activation barrier energy, stating that the electronic 
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character of the electron-donating group was less aided in the reaction.  

Table 3-8. Single Point Analysis on Transitional State Properties. 

TS 
Distance (Å)  G (kcal/mol) 

m n Δm/n  ΔG‡ ΔG° 

TS−4a 2.48 2.07 0.42  7.8 −20.9 

TS−4b 2.42 2.07 0.35  13.1 −15.5 

TS−4c 2.41 2.07 0.34  12.5 −15.6 

TS−4d 2.65 1.98 0.66  12.8 −15.2 

TS−4e 2.43 2.00 0.42  17.2 −9.3 

TS−5a 2.14 2.33 0.19  10.2 −19.5 

TS−5b 2.12 2.34 0.22  11.2 −15.5 

TS−5c 2.12 2.33 0.22  11.2 −15.2 

TS−5d 2.08 2.43 0.35  10.6 −18.2 

TS−5e 2.12 2.27 0.15  15.5 −12.7 

 

 

 

 

 

ΔG‡    = Activation energy

ΔG°= Gibbs free energy

G (kcal/mol)

0.0

TS-4 or TS-5

ΔG‡

ΔG°

4 or 5

7 or 8

*Energy calculated at B3LYP/6-311G+(d,p).
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5. Conclusion 

This research provides the first experimental and computational evaluation of steric 

repulsion in the de-aromatization of peri-substituted anthracene framework.  As a result of 

comparison with 10-substituted analogs, 9-substituted 1,8-dichloroanthracenes revealed 

significant dearomaticity features in the most distorted structures, both horizontal and vertical 

(Figure 3-9). However, the aromaticity assessments on magnetic and electronic did not appear 

as evidence as geometric ones. The study on the reactivity of anthracenes in the Diels–Alder 

reaction with maleic anhydride demonstrated that alkylated anthracenes (4a–d and 5a–d) had 

higher reactivities than methoxy anthracenes (4e and 5e). This highlights the effectiveness of 

non-electronic activation through ring distortion, suggesting a complex interplay of steric 

effects in reactivity against electronic influence. Although the impact of steric hindrance adds 

complexity to the reactivity evaluation, these insights are crucial for guiding future research. 

By acknowledging the role of steric repulsion as an activation strategy, the challenges of 

modifying aromatic compounds and exploring new avenues for practical activation approaches. 

 

 

Figure 3-9. Three observing distortions of the anthracene ring. 
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6. Experimental Section 

All reagents were purchased from commercial sources and used without further 

purification. TLC on commercial aluminum-backed plates of silica gel 60 F254 was used to 

monitor the progress of the reactions. 1H and 13C-NMR spectra were recorded on a Bruker 

DPX-400 spectrometer (400 MHz and 100 MHz, respectively) in CDCl3, C6C6, and DMSO-d6 

using TMS as an internal standard. DEPT experiments reassured the assignments of the 13C-

NMR. IR spectra were recorded with a JASCO FT/IR-4200 spectrometer equipped with an 

ATM detector. The melting points were recorded on an SRS-Optimelt automated melting point 

system. Diffraction data were collected at 103 K under a cold N2-gas stream on a Rigaku 

XtaLAB Synergy-S/Mo system (λ=0.71073 Å (Mo-Kα)). High-resolution mass spectra 

(HRMS) were obtained from a Bruker compact mass spectrometer set at APCI-positive mode.  

A single crystal of anthracenes was prepared using the slow evaporation method. 

Approximately 10 mg of the compound was dissolved in organic solvents (1 ml) and placed in 

a clean dry glass vial. Hexane was used as the solvent for crystal 4b, while CHCl3 was used to 

form crystals 4e, 5b, 5c, 5d, and 5e. Furthermore, crystal data for 3 (CCDC 925781)11a, 4a 

(CCDC 1002160)8 and 5a (CCDC 1868360)8 were extracted from reported works. 

All related calculations were performed using the Gaussian 09 package.15 Geometries of 

anthracenes were optimized using B3LYP-D3/6-311G+ (d,p) level of theory, and the structures 

were verified to be minima via frequency. GIAO NMR shifts were employed to extract NICS 

values.  

 

a. Preparation of anthrone (2A and 2B) 

1,8-Dichloroanthraquinone 1 (11 g, 40 mmol) and SnCl2•2H2O (27 g, 120 mmol, 3 equiv.) 

were dissolved in a mixed solvent of acetic acid and 1 M HCl (v/v = 4/1, 200 mL), and the 

resultant mixture was heated at 115 °C for 2 d. After cooling to room temperature, the reaction 

was quenched with H2O (30 mL). The precipitates were collected by filtration under reduced 
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pressure and were washed with saturated NaHCO3 aqueous solution (30 mL). Further 

purification was performed by column chromatography on SiO2 (eluted with hexane/EtOAc = 

90/10). Formation of 2A and 2B was confirmed by comparison of spectroscopic data with those 

in the literature.7 

1,8-dichloro-9-anthrone (2A) 

Colorless solid (Rf = 0.23), 4.1 g, 40%. 1H NMR (400 MHz, CDCl3) δ 7.44 (dd, J = 7.6, 1.2 Hz, 

2H), 7.40 (dd, J = 7.6, 7.6 Hz, 2H), 7.31 (dd, J = 7.6 Hz, 1.2 Hz, 2H), 4.21 (s, 2H). 

4,5-dichloro-9-anthrone (2B) 

Yellow solid (Rf = 0.80), 6.2 g, 60%. 1H NMR (400 MHz, CDCl3) δ 8.30 (dd, J = 7.9, 1.3 Hz, 

2H), 7.72 (dd, J = 7.9, 1.3 Hz, 2H), 7.46 (dd, J = 7.9, 7.9 Hz, 2H), 4.26 (s, 2H). 

b. Preparation of Alkylanthracenes (4a−d and 5a−d) (Paths i and ii) 

To a solution of Grignard reagent (6 mmol) prepared from haloalkane and Mg in Et2O (25 

mL), 1,8-dichloro-9-anthrone (2A) (524 mg, 2 mmol) was added, and the resultant mixture was 

stirred at room temperature for 9 h. After quenching the reaction with 1 M NH4Cl aqueous 

solution (10 mL, 10 mmol), the organic layer was separated, and the aqueous layer was 

extracted with CH2Cl2 (50 mL  3). The combined organic layer was dried over MgSO4 and 

concentrated under reduced pressure to afford 9-alkylated 4,5-dichloro-9-anthrol as a yellow 

oil.  

To a solution of the crude product in benzene (20 mL), thionyl chloride (1.2 mL, 16 mmol) 

and pyridine (1.35 mL, 16 mmol) were added, and the mixture was stirred at room temperature 

for 3 h. After quenching with H2O (20 mL), the organic layer was separated, and the aqueous 

layer was extracted with CH2Cl2 (50 mL  3). The combined organic layer was dried over 

MgSO4 and concentrated under reduced pressure to give alkylated anthracene 4. Further 

purification was performed by column chromatography on SiO2 using hexane/EtOAc = 90/10 

as an eluent. When 4,5-dichloro-10-anthrone (2B) was used, experiments were conducted 

similarly. In the case of EtMgBr, 2A (1.5 mmol) and 2B (4 mmol) were used to prepare 4b and 



68 

5b, respectively. In the cases of 4d and 5d, commercially available 1 M iPrMgCl solution (4 

mL, 4 mmol) was used. The formation of alkyl anthracenes 4 and 5 was confirmed by 

comparison of spectroscopic data with those in the literature, respectively. 

1,8-Dichloro-9-methylanthracene (4a)8 

Brown solid, 265 mg (yield 51%). 1H NMR (400 MHz, CDCl3) δ 3.39 (s, 3H), 7.32 (dd, J = 8.5, 

7.2 Hz, 2H), 7.60 (dd, J = 7.2, 1.2 Hz, 2H), 7.85 (dd, J = 8.5, 1.2 Hz, 2H), 8.24 (s, 1H).  CCDC 

No. 1002160.11b 

1,8-Dichloro-9-ethylanthracene (4b)8 

Yellowish green solid, 239 mg (yield 58%). 1H NMR (400 MHz, CDCl3) δ 0.99 (t, J = 7.6 Hz, 

3H), 4.24 (q, J = 7.6 Hz, 2H), 7.32 (dd, J = 8.4, 7.2 Hz, 2H), 7.58 (d, J = 7.2 Hz, 2H), 7.86 (d, 

J = 8.4 Hz, 2H), 8.23 (s, 1H). CCDC No. 2342446.  

1,8-Dichloro-9-propylanthracene (4c)9 

Yellow solid, 302 mg (yield 52%). 1H NMR (400 MHz, CDCl3) δ 0.63 (dd, J = 7.2, 7.2 Hz, 

3H), 1.36 (dq, J = 14.8, 7.2 Hz, 1H), 1.36 (dq, J = 14.8, 7.2 Hz, 1H), 4.18 (t, J = 7.2 Hz, 2H), 

7.32 (dd, J = 8.5, 7.2 Hz, 2H), 7.57 (dd, J = 7.2, 1.4 Hz, 2H), 7.86 (dd, J = 8.5, 1.4 Hz, 2H), 

8.22 (s, 1H).  

1,8-Dichloro-9-isopropylanthracene (4d) 

Yellowish brown oil, 374 mg (yield 65%). 1H NMR (400 MHz, C6D6) δ 1.77 (d, J = 7.2 Hz, 

6H), 4.46 (sept, J = 7.2 Hz, 1H), 6.82 (dd, J = 8.4, 7.2 Hz, 2H), 7.38 (dd, J = 7.2, 1.2 Hz, 2H), 

7.41 (dd, J = 8.4 Hz, 1.2 Hz, 2H), 7.76 (s, 1H); 13C NMR (100 MHz, C6D6) δ 25.7 (CH3), 

34.8 (CH), 124.7 (CH), 128.7 (CH), 129.9 (CH), 131.5 (CH), 132.7 (C), 133.3 (C), 134.1 (C), 

144.9 (C); IR (KBr/cm-1) 772; HRMS (APCI–TOF) Calcd. for [M+H]+ C17H15Cl2: 289.0545, 

found 289.0565.  

1,8-Dichloro-10-methylanthracene (5a)8  

Yellow solid, 395 mg (yield 76%). 1H NMR (400 MHz, CDCl3) δ 3.12 (s, 3H), 7.45 (dd, J = 

9.0, 7.1 Hz, 2H), 7.64 (dd, J = 7.1, 1.0 Hz, 2H), 8.23 (dd, J = 9.0, 1.0 Hz, 2H), 9.27 (s, 1H). 
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CCDC No. 1868360.11b 

1,8-Dichloro-10-ethylanthracene (5b)  

Yellow solid, 968 mg (yield 88%), mp 107–109 °C. 1H NMR (400 MHz, CDCl3) δ 1.43 (t, J = 

7.6 Hz, 3H), 3.61 (q, J = 7.6 Hz, 2H), 7.43 (dd, J = 8.8, 7.2 Hz, 2H), 7.62 (dd, J = 7.2, 1.2 Hz 

2H), 8.19 (dd, J = 8.8, 1.2 Hz, 2H), 9.24 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 15.7 (CH3), 

21.9 (CH2), 119.9 (CH), 123.7 (CH), 125.6 (CH), 125.7 (CH), 129.5 (C), 130.4 (C), 133.5 (C), 

138.4 (C); IR (KBr/cm-1) 771; HRMS (APCI–TOF) Calcd. for [M+H]+ C16H13Cl2: 275.0389, 

found 275.0402. CCDC No. 2342406. 

1,8-Dichloro-10-propylanthracene (5c) 

Yellow solid, 400 mg (yield 70%), mp 174–176 °C. 1H NMR (400 MHz, DMSO-d6) δ 1.08 (t, 

J = 7.2 Hz, 3H), 1.73 (tq, J = 8.0, 7.2, 2H), 3.62 (t, J = 8.0 Hz, 2H), 7.60 (dd, J = 7.2, 8.8 Hz, 

2H), 7.82 (d, J = 7.2 Hz, 2H), 8.41 (d, J = 8.8 Hz, 2H), 9.08 (s, 1H); 13C NMR (100 MHz, 

DMSO-d6) δ 14.2 (CH3), 24.7 (CH2), 29.8 (CH2), 117.9 (CH), 124.6 (CH), 126.2 (CH), 126.4 

(CH), 128.5 (C), 130.3 (C), 131.6 (C), 138.0 (C); IR (KBr/cm-1) 773; HRMS (APCI–TOF) 

Calcd. for [M+H]+ C17H15Cl2: 289.0545, found 289.0549. CCDC No. 2342445. 

1,8-Dichloro-10-isopropylanthracene (5d)9 

Yellow solid, 602 mg (yield quant.). 1H NMR (400 MHz, CDCl3) δ 1.74 (d, J = 7.6 Hz, 6H), 

4.56 (sept, J = 7.6 Hz, 1H), 7.41 (dd, J = 9.2, 7.1 Hz, 2H), 7.62 (d, J = 7.1 Hz, 2H), 8.41 (d, J = 

9.2 Hz, 2H), 9.33 (s, 1H).  CCDC No. 2342446. 

c. Preparation of methoxyanthracene (4e and 5e) 

To a suspension of sodium hydride (380 mg, 15.5 mmol) in THF (25 mL), 1,8-dichloro-9-

anthrone (2A) (800 mg, 3.1 mmol) was slowly added, and then dimethyl sulfate (0.32 mL, 3.4 

mmol) was added. The mixture was heated under reflux at 80 °C for 12 h and then quenched 

with H2O (5 mL). The mixture was extracted with CH2Cl2 (50 mL  3). The organic layer was 

dried over MgSO4 and concentrated under reduced pressure. The residue was subjected to 

column chromatography on SiO2 using hexane/EtOAc = 80/20 as an eluent. The same 
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procedure was conducted when 4,5-dichloro-9-anthrone (2B) was used. The formation of 4e 

and 5e was confirmed by comparison of spectroscopic data with those in the literature.10 

1,8-dichloro-9-methoxyanthracene (4e)  

Yellow solid (526 mg, 2.0 mmol, yield 63%). 1H NMR (400 MHz, CDCl3) δ 3.93 (s, 3H), 7.35 

(dd, J = 8.4, 7.2 Hz, 2H), 7.58 (dd, J = 7.2, 1.2 Hz, 2H), 7.87 (dd, J = 8.4, 1.2 Hz, 2H), 8.25 (s, 

1H).  CCDC No. 2342447. 

1,8-Dichloro-10-methoxyanthracene (5e)  

Yellow needles, 1.18 g (yield quant.). 1H NMR (400 MHz, CDCl3) δ 4.14 (s, 3H), 7.43 (dd, J 

= 8.8, 7.2 Hz, 2H), 7.64 (dd, J = 7.2, 1.2 Hz, 2H), 8.24 (dd, J = 8.8, 1.2 Hz, 2H), 9.08 (s, 1H).  

CCDC No. 2342404. 

d. Preparation of 1,8-dichloroanthracene (3) 

To a suspension of sodium borohydride (1.1 g, 28.8 mmol, 8 equiv.) in THF (40 mL), 1,8-

dichloroanthraquinone (1) (1 g, 3.6 mmol) was slowly added. The mixture was heated at 75 °C 

for 20 h and quenched with H2O (10 mL). The mixture was extracted with EtOAc (50 mL  3). 

The organic layer was dried over MgSO4 and concentrated under reduced pressure. The 

residual solid was washed with MeOH (20 mL). Further purification was performed by column 

chromatography on SiO2 using hexane/EtOAc = 90/10 as an eluent to afford 1,8-

dichloroanthracene (3) (488 mg, 2.0 mmol, yield 55%) as a yellow solid. 1H NMR (400 MHz, 

CDCl3) δ 7.42 (dd, J = 8.4, 7.2 Hz, 2H), 7.64 (d, J = 7.2 Hz, 2H), 7.95(d, J = 8.4 Hz, 2H), 8.48 

(s, 1H), 9.27 (s, 1H). CCDC No. 925781.11a 

e. Diels–Alder reactions on anthracenes 3−5 

To a solution of anthracene 3 (54 mg, 0.3 mmol) in benzene (2 mL), maleic anhydride (59 

mg, 0.6 mmol) was added. The mixture was heated at 80 °C in a sealed tube for 3 h, and then 

the solvent was removed under reduced pressure. The residual product was further purified by 

column chromatography on SiO2 using hexane/EtOAc = 90/10 as an eluent to afford 1,8-

dichloro-9,10,11,15-tetrahydro-9,10[3′,4′]-furanoanthracene-12,14-dione (6) (45 mg, yield 
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43%) as a colorless solid, mp 223–225 °C. 1H NMR (400 MHz, DMSO-d6) δ 3.75 (dd, J = 9.2, 

3.2 Hz, 1H), 3.82 (dd, J = 9.2, 3.2 Hz, 1H), 5.08 (d, J = 3.2 Hz, 1H), 5.60 (d, J = 3.2 Hz, 1H), 

7.25–7.40 (m, 5H), 7.50 (d, J = 7.3 Hz, 1H); 13C NMR (100 MHz, DMSO-d6) δ 38.1 (CH), 44.5 

(CH), 46.5 (CH), 47.1 (CH), 123.9 (CH), 124.2 (CH), 127.2 (CH), 127.7 (CH), 128.6 (CH), 

129.1 (C), 129.2 (CH), 129.6 (C), 135.5 (C), 137.1 (C), 141.4 (C), 143.5 (C), 170.7 (C), 170.9 

(C); IR (KBr/cm-1) 1868, 1783, 1226, 758; HRMS (APCI–TOF) Calcd. for [M+H]+ 

C18H11Cl2O3: 345.0080, found 345.0084.  

When other anthracenes 4 and 5 were used as substrates, experiments were conducted in the 

same way. 

1,8-Dichloro-9,10,11,15-tetrahydro-9-methyl-9,10[3′,4′]-furanoanthracene-12,14-dione (7a) 

Pale yellow solid, 81 mg (yield 79%), mp 188–190 °C. 1H NMR (400 MHz, DMSO-d6) δ 2.85 

(s, 3H), 3.62 (d, J = 9.2 Hz, 1H), 3.72 (dd, J = 9.2, 3.2 Hz, 1H), 4.94 (d, J = 3.2 Hz, 1H), 7.2–

7.3 (m, 4H), 7.35 (dd, J = 7.2, 1.6 Hz, 1H), 7.50 (dd, J = 6.7, 1.9 Hz, 1H); 13C NMR (100 MHz, 

DMSO-d6) δ 22.5 (CH3), 45.5 (CH), 47.8 (CH), 49.9 (C), 53.5 (CH), 124.1 (CH), 124.8 (CH), 

128.7 (CH), 129.0 (CH), 129.7 (C), 129.8 (C), 130.9 (CH), 131.1 (CH), 136.5 (C), 137.8 (C), 

142.1 (C), 145.1 (C), 170.1 (C), 170.8 (C); IR (KBr/cm-1) 1864, 1799, 1219, 772; HRMS 

(APCI–TOF) Calcd. for [M+H]+ C19H13Cl2O3: 359.0236, found 359.0242. 

1,8-Dichloro-9,10,11,15-tetrahydro-9-ethyl-9,10[3′,4′]-furanoanthracene-12,14-dione (7b) 

Colorless solid, 84 mg (yield 75%), mp 296–298 °C. 1H NMR (400 MHz,  DMSO-d6) δ 1.35 

(dd, J = 6.8, 6.8 Hz, 3H), 3.23–3.33 (m, 2H), 3.80 (dd, J = 9.6, 3.6 Hz, 1H), 3.89 (d, J = 9.6 Hz, 

1H), 4.91 (d, J = 3.6 Hz, 1H), 7.20–7.27 (m, 4H), 7.32 (dd, J = 6.8, 1.2 Hz, 1H), 7.52 (dd, J = 

6.8, 2.0 Hz, 1H); 13C NMR (100 MHz, DMSO-d6) δ 12.7 (CH3), 23.3 (CH2), 45.5 (CH), 46.6 

(CH), 46.9 (CH), 53.4 (C), 124,6 (CH), 125.0 (CH), 128.6 (CH), 128.9 (CH), 129.3 (C), 129.4 

(C), 130.7 (CH), 131.2 (CH), 136.9 (C), 137.6 (C), 142.8 (C), 146.0 (C), 169.8 (C), 171.1 (C); 

IR (KBr/cm-1) 1799, 1774, 1220, 771; HRMS (APCI–TOF) Calcd. for [M+H]+ C20H15Cl2O3: 

373.0393, found 373.0411.  
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1,8-Dichloro-9,10,11,15-tetrahydro-9-propyl-9,10[3′,4′]-furanoanthracene-12,14-dione (7c) 

Colorless solid, 93 mg (yield 80%), mp 235–237 °C. 1H NMR (400 MHz, DMSO-d6) δ 1.18 

(dd, J = 7.2, 7.2 Hz, 3H), 1.57–1.61 (m, 1H), 1.83–1.88 (m, 1H), 3.23–3.29 (m, 1H), 3.55–3.61 

(m, 1H), 3.79 (dd, J = 9.6, 3.6 Hz, 1H), 3.89 (d, J = 9.6 Hz, 1H), 4.91 (d, J = 3.6 Hz, 1H), 7.18–

7.27 (m, 4H), 7.31 (d, J = 6.4 Hz, 1H), 7.51 (dd, J = 6.4, 2.4 Hz, 1H); 13C NMR (100 MHz, 

DMSO-d6) δ 14.5 (CH3), 20.6 (CH2), 32.7 (CH2), 45.5 (CH), 46.6 (CH), 47.7 (CH), 52.8 (C), 

124.6 (CH), 125.1 (CH), 128.5 (CH), 128.9 (CH), 129.3 (C), 129.4 (C), 130.7 (CH), 131.2 (CH), 

137.2 (C), 137.6 (C), 142.6 (C), 145.9 (C), 169.7 (C), 171.1 (C); IR (KBr/cm-1) 1774, 1220, 

771; HRMS (APCI–TOF) Calcd. for [M+H]+ C21H17Cl2O3: 387.0549, found 387.0559.  

1,8-Dichloro-9,10,11,15-tetrahydro-9-isopropyl-9,10[3′,4′]-furanoanthracene-12,14-dione 

(7d) 

White solid, 105 mg (yield 91%), mp 230–232 °C. 1H NMR (400 MHz, DMSO-d6) δ 1.52 (d, 

J = 6.4 Hz, 6H), 3.95 (dd, J = 9.6, 2.8 Hz, 1 H, *This signal is overlapping with nearest –CH 

signal), 3.96 (d, J = 9.6 Hz, 1 H), 4.74 (sept, J = 6.4 Hz, 1H), 4.83 (d, J = 2.8 Hz, 1H), 7.10–

7.15 (m, 2H), 7.19–7.23 (m, 2H), 7.29 (d, J = 7.2 Hz, 1H), 7.44 (dd, J = 7.2 Hz, 1H); 13C NMR 

(100 MHz, DMSO-d6) δ 22.9 (CH3), 23.3 (CH3), 27.0 (CH), 45.7 (CH), 46.8 (CH), 47.5 (CH), 

59.0 (C), 124.4 (CH), 125.4 (CH), 128.0 (CH), 128.1 (CH), 129.0 (C), 129.3 (C), 130.4 (CH), 

130.9 (CH), 139.7(C), 140.2 (C), 144.0 (C), 147.9 (C), 169.8 (C) 170.9 (C); IR (KBr/cm-1) 1796, 

1219, 775; HRMS (APCI–TOF) Calcd. for [M+H]+ C21H17Cl2O3: 387.0549, found 387.0585. 

1,8-Dichloro-9,10,11,15-tetrahydro-9-methoxyl-9,10[3′,4′]-furanoanthracene-12,14-dione (7e) 

Colorless solid, 80 mg (yield 75%), mp 294–296 °C. 1H NMR (400 MHz, DMSO-d6) δ 3.84 (s, 

3H), 3.85 (dd, J = 9.4, 3.4 Hz, 1H. *This signal is overlapping with –OCH3 signal), 4.39 (d, J 

= 9.4 Hz, 1H), 4.91 (d, J = 3.4 Hz, 1H), 7.17–7.25 (m, 4H), 7.29 (dd, J = 7.0, 1.2 Hz, 1H), 7.50 

(dd, J = 6.4, 2.0 Hz, 1H); 13C NMR (100 MHz, DMSO-d6) δ 43.9 (CH), 46.3 (CH), 46.5 (CH), 

55.4 (CH3), 84.2 (C), 124.0 (CH), 124.1 (CH), 128.2 (C), 128.8 (CH), 128.9 (CH), 129.0 (C), 
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130.3 (CH), 131.2 (CH), 135.7(C), 136.5 (C), 140.8 (C), 143.4 (C), 168.3 (C), 170.9 (C); IR 

(KBr/cm-1) 1790, 1219, 776; HRMS (APCI–TOF) Calcd. for [M+H]+ C19H13Cl2O4: 375.0185, 

found 375.0217.  

1,8-Dichloro-9,10,11,15-tetrahydro-10-methyl-9,10[3′,4′]-furanoanthracene-12,14-dione (8a) 

Colorless solid, 54 mg (yield 50%), mp 236–238 °C. 1H NMR (400 MHz, DMSO-d6) δ 2.18 (s, 

3H), 3.46 (d, J = 9.2 Hz, 1H), 3.85 (dd, J = 9.2, 3.6 Hz, 1H), 5.65 (d, J = 3.6 Hz, 1H), 7.3–7.45 

(m, 6H); 13C NMR (100 MHz, DMSO-d6) δ 14.9 (CH3), 37.6 (CH), 45.3 (C), 47.9 (CH), 50.9 

(CH), 121.7 (CH), 121.8 (CH), 127.2 (CH), 127.7 (CH), 128.5 (CH), 128.9 (C), 129.0 (CH), 

129.7 (C), 135.5 (C), 137.5 (C), 143.8 (C), 146.1 (C), 170.1 (C), 170.6 (C); IR (KBr/cm-1) 1798, 

1079, 780; HRMS (APCI-TOF) Calcd. for [M+H]+ C19H13Cl2O3: 359.0236, found 359.0269.  

1,8-Dichloro-9,10,11,15-tetrahydro-10-ethyl-9,10[3′,4′]-furanoanthracene-12,14-dione (8b) 

Colorless solid, 70 mg (yield 63%), mp 205–207 °C. 1H NMR (400 MHz, DMSO-d6) δ 1.28 

(dd, J = 7.2, 7.2 Hz, 3H), 2.65–2.7 (m, 2H), 3.09 (d, J = 11.2 Hz, 1H), 3.74 (dd, J = 11.2, 2.0 

Hz, 1H), 5.34 (d, J = 2.0 Hz, 1H), 7.07–7.25 (m, 5H), 7.31 (d, J = 6.4 Hz, 1H); 13C NMR (100 

MHz, DMSO-d6) δ15.8 (CH3), 21.2 (CH2), 46.6 (CH), 48.6 (CH), 52.3 (CH), 62.3 (C), 121.7 

(CH), 122.1 (CH), 125.5 (CH), 126.1 (CH), 126.3 (CH), 127.1 (CH), 128.1 (C), 130.1 (C), 

138.9 (C), 141.7 (C), 146.4 (C), 154.4 (C), 167.0 (C), 171.3 (C); IR (KBr/cm-1) 1777, 1227, 

773; HRMS (APCI-TOF) Calcd. for [M+H]+ C20H15Cl2O3: 373.0393, found 373.0376. 

1,8-Dichloro-9,10,11,15-tetrahydro-10-propyl-9,10[3′,4′]-furanoanthracene-12,14-dione (8c) 

Colorless solid, 87 mg (yield 58%), mp 216–218 °C. 1H NMR (400 MHz, DMSO-d6) δ 1.24 

(dd, J = 7.2, 7.2 Hz, 3H), 1.73–1.93 (m, 2H), 2.41–2.47 (m, 1H), 2.71–2.77 (m, 1H), 3.65 (d, J 

= 9.2 Hz, 1H), 3.90 (dd, J = 9.2, 3.6 Hz, 1H), 5.65 (d, J = 3.6 Hz, 1H), 7.26–7.38 (m, 6H); 13C 

NMR (100 MHz, DMSO-d6) δ 14.5 (CH3), 17.8 (CH2), 29.4 (CH2), 37.5 (CH), 46.7 (C), 47.0 

(CH), 48.3 (CH), 121.8 (CH), 122.5 (CH), 126.9 (CH), 127.5 (CH), 128.3 (CH), 129.0 (CH), 

129.2 (C), 129.7 (C), 135.9(C), 138.3 (C), 144.3 (C),  144.7 (C), 169.7 (C), 170.6 (C); IR 

(KBr/cm-1) 1710, 1218, 772; HRMS (APCI-TOF) Calcd. for [M+H]+ C21H17Cl2O3: 387.0549, 
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found 387.0590. 

1,8-Dichloro-9,10,11,15-tetrahydro-10-isopropyl-9,10[3′,4′]-furanoanthracene-12,14-dione 

(8d)  

Colorless solid, 87 mg (yield 75%), mp 274–276 °C. 1H NMR (400 MHz, DMSO-d6) δ 1.50 (d, 

J = 7.2 Hz, 3H), 1.61 (d, J = 7.2 Hz, 3H), 3.31–3.36 (m, 1H, *This signal assumed to be 

overlapping with the H2O signal), 3.73 (d, J = 9.2 Hz, 1H), 3.77 (dd, J = 9.2, 3.6 Hz, 1H), 5.70 

(d, J = 3.6 Hz, 1H), 7.28–7.44 (m, 5H), 7.72 (d, J = 7.2 Hz, 1H); 13C NMR (100 MHz, DMSO-

d6) δ 17.8 (CH3), 19.5 (CH3), 25.5 (CH), 37.6 (CH), 48.1 (CH), 48.4 (CH), 53.2 (C), 123.5 

(CH), 124.8 (CH), 127.0 (CH), 127.6 (CH), 127.8 (CH), 128.9 (CH), 129.4 (C), 129.7 (C), 

135.7(C), 138.5 (C), 141.8 (C), 142.7 (C), 169.2 (C), 170.3 (C); IR (KBr/cm-1) 1783, 1224, 778; 

HRMS (APCI-TOF) Calcd. for [M+H]+ C21H17Cl2O3: 387.0549, found 387.0529.  

1,8-Dichloro-9,10,11,15-tetrahydro-10-methoxyl-9,10[3′,4′]-furanoanthracene-12,14-dione 

(8e)10  

Pale yellow solid, 60 mg (yield 53%), mp 263–265 °C. 1H NMR (400 MHz, DMSO-d6) δ 3.99 

(s, 3H), 4.02 (dd, J = 9.2, 3.6 Hz, 1H), 4.25 (d, J = 9.2 Hz, 1H), 5.55 (d, J = 3.6 Hz, 1H), 7.29–

7.49 (m, 6H); 13C NMR (100 MHz, DMSO-d6) δ 36.7 (CH), 45.6 (CH), 47.1 (CH), 54.2 (CH3), 

81.1 (C), 120.7 (CH), 120.8 (CH), 127.4 (CH), 127.8 (CH), 128.4 (CH), 129.1 (CH), 129.2 (C), 

129.3 (C), 133.7 (C), 136.2 (C), 142.6 (C), 143.3 (C), 168.2 (C), 170.3 (C); IR (KBr/cm-1) 1782, 

1224, 773; HRMS (APCI-TOF) Calcd. for [M+H]+ C19H13Cl2O4: 375.0185, found 375.0220. 

f. Reaction Monitoring on Pseudo-First-Order 

To a solution of maleic anhydride (50 mg, 0.5 mmol) in CDCl3 (0.5 mL), anthracene 3–5 

(0.05 mmol) was added, and the mixture was carefully transferred to the NMR tube. The residue 

was recollected by dissolving with another CDCl3 (0.1 ml) and transferred to the NMR tube. 

After adding 1,1,2,2-tetrachloroethane as an internal standard, the NMR tube was heated at 

60 °C. The progress of the reaction was monitored by 1H NMR spectroscopy at intervals of 

several minutes. This procedure was conducted in three replications for each anthracene to 
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afford an average value.  
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