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Abstract 
In this thesis, density functional theory (DFT) is used to investigate the 
mechanisms and reactivities of electrophilic and nucleophilic aromatic 
substitution reactions (SEAr and SNAr respectively). For SEAr, the σ-complex 
intermediate is preceded by one (halogenation) or two (nitration) π-complex 
intermediates. Whereas the rate-determining transition state (TS) for nitration 
resembles the second π-complex, the corresponding chlorination TS is much 
closer to the σ-complex. The last step, the expulsion of the proton, is modeled 
with an explicit solvent molecule in combination with PCM and confirmed to 
be a nearly barrierless process for nitration/chlorination and involves a 
substantial energy barrier for iodination. It is also shown for nitration that the 
gas phase structures and energetics are very different from those in polar 
solvent. The potential energy surface for SNAr reactions differs greatly 
depending on leaving group; the σ-complex intermediate exist for F-/HF, but 
for Cl-/HCl or Br-/HBr the calculations indicate a concerted mechanism. 

  

These mechanistic results form a basis for the investigations of predictive 
reactivity models for aromatic substitution reactions. For SEAr reactions, the 
free energy of the rate-determining TS reproduces both local (regioselectivity) 
and global reactivity (substrate selectivity) with good to excellent accuracy. 
For SNAr reactions good accuracies are obtained for Cl-/HCl or Br-/HBr as 
leaving group, using TS structures representing a one-step concerted 
mechanism. The σ-complex intermediate can be used as a reactivity indicator 
for the TS energy, and for SEAr the accuracy of this method varies in a way 
that can be rationalized with the Hammond postulate. It is more accurate the 
later the rate-determining TS, that is the more deactivated the reaction. For 
SNAr reactions with F-/HF as leaving group, the same method gives excellent 
accuracy for both local and global reactivity irrespective of the degree of 
activation.   
 
 
Keywords: electrophilic aromatic substitution, nucleophilic aromatic 
substitution, quantum chemistry, mechanism, reactivity, prediction model. 
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Sammanfattning på svenska 
I denna avhandling har beräkningskemiska metoder använts för att undersöka 
mekanismen och reaktiviteten hos elektrofil och nukleofil aromatisk 
substitution (SEAr respektive SNAr). För SEAr föregås σ-komplexet av en π-
komplexintermediär vid halogeneringar och av två stycken vid nitreringar. 
Medan det hastighetsbestämmande övergångstillståndet vid nitreringar liknar 
det andra π-komplexet så är motsvarande kloreringsstruktur mycket mer lik 
σ-komplexet. Reaktionens sista steg, avspjälkningen av en proton, 
modellerades med en explicit lösningsmedelsmolekyl tillsammans med en 
PCM modell, och det bekräftades teoretiskt att för nitrering och halogenering 
så sker detta i det närmaste utan energibarriär. För jodering så var denna 
barriär däremot betydande. För nitrering så är såväl gasfasstrukturerna som 
energiförhållandena mycket olika de i polära lösningsmedel. Vidare skiljer sig 
potentialenergiytan för SNAr reaktioner kraftigt åt beroende på lämnande 
grupp, σ-complex intermediären finns med F-/HF, men för Cl-/HCl eller Br-

/HBr så indikerar beräkningarna en enstegsreaktion utan intermediärer. 
      
Dessa mekanistiska resultat utgör basen då prediktiva reaktivitetsmodeller för 
aromatisk substitution undersöktes. För SEAr gav den fria energin för det 
hastighetsbestämmande övergångstillståndet både lokal (regioselektivitet) 
och global reaktivitet (substratselektivitet) med god till utmärkt noggrannhet. 
För SNAr erhölls god noggrannhet med Cl¯/HCl och Br¯/HBr som lämnande 
grupper då sådana övergångsstrukturer som representerar en enstegsreaktion 
användes. Reaktionsintermediären (σ-komplexet) kan användas som 
reaktivitetsindikator till energin för det hastighetsbestämmande 
övergångstillståndet, och för SEAr varierade noggrannheten för denna metod 
på ett sätt som kan förklaras med hjälp av Hammonds postulat. Denna metod 
är mer noggrann ju senare det hastighetsbestämmande övergångstillståndet 
ligger, d v s ju mer deaktiverad reaktionen är. För SNAr med F¯/HF som 
lämnande grupp erhölls utmärkt noggrannhet för både lokal och global 
reaktivitet med samma metod, oberoende av reaktionens aktiveringsgrad. 
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Introduction 
 
Successful ways of predicting chemical reactivity is of both fundamental and 
of applied interest. Methods with high predicting power are likely to generate 
a deeper theoretical understanding of the factors governing reactivity, and 
they also have the potential to save time, effort, resources, environment and 
animal suffering. Throughout the years, countless methods and tools have 
been developed for this purpose, some more useful than others. The 
assumptions and approximations chosen define the method or approach, and 
therefore they all come with certain scopes and limitations, and they all require 
varying degrees of effort and give different accuracy. The quest of finding a 
predictive reactivity model that is generally applicable is an unprofitable one; 
there is no one model that has all the advantages at the same time. The type of 
predictive reactivity method you chose must be dependent on your specific 
problem and on your requirements concerning various trade-offs. In later 
years, following the rapid development of computer technology and 
computational chemistry methods, quantum chemical calculations have 
emerged as a reliable and cost-effective alternative to traditional empirical 
means of reactivity estimation.  
 
This work is focused on theoretical investigations of the mechanism and 
reactivity of aromatic substitution (both electrophilic and nucleophilic) 
reactions with modern quantum chemical tools. One specific aim has been to 
investigate the trade-off between accuracy and throughput in simplified 
reactivity approaches, with possible applications in retrosynthesis and 
reactivity screenings (for example within the pharmaceutical industry) in 
mind. Both local reactivity (positional selectivity) as well as global reactivity 
(substrate selectivity) has been investigated, but not reactivity in connection 
to catalysis or stereoselectivity. Another aim has been to perform 
investigations of a more quantum chemical mechanistic nature of the reaction 
types, in order to clarify the underlying scientific rational for the obtained 
accuracy of various model simplifications, and also to gain further insights 
into the mechanism of these reaction types. Even though the mechanism of 
aromatic substitution reactions has been the subject of numerous scientific 
studies there are still open questions regarding some aspects of it. Among 
these are varying rate-determining steps for certain subgroups of the reaction, 
to what degree does the electrophilic substitution follow a single electron 
transfer mechanism, what is the exact nature of the reaction intermediates and 
do certain subgroups of nucleophilic aromatic substitution proceed through a 
concerted mechanism in polar solvents. We will focus on these issues in the 
following chapters.  
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The thesis is divided into two parts. The first part (chapter 1-4) is an account 
of the present state of knowledge and gives the theoretical background to the 
work. The second part (chapter 5-8) is a presentation of original results. In the 
first two chapters I will introduce the subject of our investigations, the 
aromatic substitution reactions. I will discuss the reaction type and its variants, 
and summarize the knowledge of their mechanism acquired from experiment 
as well as from theoretical quantum chemical studies. Chapters three and four 
contain a theoretical and methodological overview of the computational tools 
and fundamentals used during the work with this thesis. Chapter three is an 
introduction to and discussion of quantum chemical methods, and particularly 
those used in the result part. In chapter four I dwell on theoretical reactivity 
prediction models, and present various quantum chemical methods based on 
ground-state descriptors as well as more elaborate methods based on the 
interaction between different species. In the fifth chapter I present our results 
from theoretical investigations into the mechanism of aromatic substitution 
reactions, especially electrophilic aromatic substitutions. Our results 
regarding reactivity investigations on the transition state and the reaction 
intermediate approaches are treated in chapter six. In the seventh chapter I 
discuss two partly implemented applications of the reaction intermediate 
method from medicinal research, where I show how the required trade-off 
between accuracy and throughput makes this method very well suited. Finally, 
I discuss and summarize the results in chapter eight. 
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PART I 

1. Electrophilic Aromatic Substitution 
(SEAr).  

Electrophilic aromatic substitution is one of the most important synthetic 
organic reactions from a preparative and industrial perspective, providing 
millions of tons of aromatic products annually. Since its discovery in the 
1870s it has been the subject of numerous scientific studies and it can now be 
regarded as perhaps the most thoroughly studied from a mechanistic 
perspective among organic reactions. However, it continues to be an active 
area of research and scientific results that can be applied to industry often have 
significant economic value. In the following chapter I will give an overview 
of our current mechanistic understanding of this reaction.  

 
1.1. Current mechanistic understanding based on 

kinetic and spectroscopic studies  

The putative mechanism for electrophilic aromatic substitution, with nitration 
as model example, is outlined in Figure 1. It starts with the rapid and reversible 
formation of a non-covalently bonded complex between the active 
electrophile and the π-system of the aromatic ring, a species commonly 
referred to as the π-complex. For the reaction to proceed the π-complex must 
react to form a covalently bonded complex, the so called σ-complex (also 
known as Wheland intermediate or arenium ion). The carbon now bonded to 
the nitronium ion has become tetravalent and the cyclic conjugation of the 
aromatic system is thus broken. This process requires considerable energy and 
the formation of the σ-complex is generally considered the rate-limiting step. 
In the last step, the proton of the tetravalent carbon is eliminated and the 
aromaticity is regained.  

 

Figure 1. The putative mechanism for SEAr nitrations. 

 

NO2+
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N
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NO2
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This basic reaction mechanism is widely believed to apply to most SEAr 
reactions irrespective of the electrophilic reagent. However, there are many 
variations and experimental observations that indicate exceptions to it, and the 
mechanism by which the active electrophiles are generated differs 
considerably. Most SEAr reactions are kinetically controlled, but there are 
examples of thermodynamic control, for example in Friedel-Crafts reactions 
when using forceful reaction conditions.1 In some cases, like iodination and 
Friedel-Crafts acylation, the elimination of the proton has been shown to have 
a substantial kinetic isotope effect, indicating that this step is at least partially 
rate-limiting.2  
 
Our present understanding of the mechanism of SEAr reactions is to a large 
extent based on the interpretation of kinetic data. In 1928 Pfeiffer and 
Winzinger proposed that the mechanism proceeds through a σ-complex 
reaction intermediate, also called Wheland intermediate. In 1946 Ingold and 
Hughes performed kinetic measurements and showed that the active 
electrophile is the nitronium ion (NO2

+). Three years later Melander 
established SEAr as a multistep mechanism with a fast deprotonation step 
subsequent of the rate-determining one.3 He could demonstrate that the tritium 
isotope effect (kH/kT) in nitrations and brominations of benzene derivatives is 
less than 1.3. Later Brown and Stock investigated the relative halogenation 
rates and the relative stabilities of the corresponding σ-complexes. They found 
good correlations between them and concluded that the rate-determining 
transition state is similar to the σ-complex. In 1970 Olah challenged this 
interpretation for nitrations. He studied the high positional selectivity and the 
low substrate selectivity of activated aromatics and hypothesized that the 
initial formation of an unoriented π-complex (a species originally suggested 
by Dewar in 19464) is the rate-determining step for strong electrophiles.5 He 
also claimed that the formation of the σ-complex determines the positional 
selectivity even in the cases where the rate-determining transition state 
resembles the π-complex. 
 
                                                             
1 Levy, L., Pogodin, S., Cohen, S., Agranat, I. ”Reversible Friedel-Crafts Acylations 
of Phenanthrene: Rearrangements of Acetylphenanthrenes”, Letters in Organic 
Chemistry (2007), 4, 314–318. 
2 Miller, L., Watkins, B. ”Scope and mechanism of aromatic iodination with 
electrochemically generated iodine(I)”, Journal of the American Chemical Society 
(1976), 98, 1515–1519. 
3 Melander, L. "Mechanism of Nitration of the Aromatic Nucleus", Nature, 1949, 
163, 599-599. 
4 Dewar, M. J. S. ”The Kinetics of Some Benzidine Rearrangements, and a Note on 
the Mechanism of Aromatic Substitution”, Journal of the Chemical Society 
(Resumed), (1946), 406, 777–781. 
5 Olah, G. A. ”Aromatic substitution. XXVIII. Mechanism of electrophilic aromatic 
substitutions”, Accounts of Chemical Research (1970), 4, 240–248. 
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There are also kinetic measurements that indicate deviations from the more 
straight-forward mechanistic picture given above. In 1977 Perrin investigated 
the electrochemical reaction between the naphthalene radical cation and NO2 

and found that it gave the same product ratio as that formed in ordinary 
thermal nitration. Based on these results he suggested that SEAr nitration of 
activated aromatics proceeds through a radical one-electron transfer rather 
than through a thermochemical electron pair type mechanism.6 Some years 
later Kochi and coworkers continued the work on this hypothesis by studying 
the electron donor-acceptor complexes involved in photochemical aromatic 
nitration.7,8 Since then the details of this so called single-electron transfer 
(SET) mechanism have been much debated and the focus of many theoretical 
papers. Other mechanistic details include the kinetics of halogenations, which 
is frequently complex.9 Unlike NO2

+ in nitrations there is no commonly 
identified active electrophile but molecular chlorine and bromine are believed 
to be a possible active electrophile in uncatalyzed reactions. The reaction rate 
is dependent on the type of solvent; it is slow in nonpolar solvents and then 
catalyzed by protonic acid or Lewis acids. Kinetic data from Friedel-Crafts 
reactions are often also difficult to interpret, because the Lewis acid promoters 
frequently used in such reactions form interconverting complexes with all 
other participating species during the reaction.10  
 
The spectroscopic identification of reaction intermediates is another 
cornerstone in our understanding of the SEAr mechanism. Both σ- and π-
complexes have been isolated and characterized, but σ-complexes are 
considerably more difficult to detect due to their ultrafast deprotonation. 
However, by preparing such complexes without aromatic hydrogens it has 
been possible to circumvent this problem. Such σ-complex intermediates have 
been prepared from hexasubstituted benzenes and several cations: nitronium, 

                                                             
6 Perrin, C. L. ”Necessity of electron transfer and a radical pair in the nitration of 
reactive aromatics”, Journal of the American Chemical Society (1977), 99, 5516–
1518. 
7 Kochi, J. K.,”Inner-sphere electron transfer in organic chemistry. Relevance to 
electrophilic aromatic nitration”, Accounts of Chemical Research (1992), 25, 39–47. 
8 Kim, E. K., Bockman, T. M., Kochi, J. K. ”Electron-transfer mechanism for 
aromatic nitration via the photoactivation of EDA (electron donor-acceptor) 
complexes. Direct relationship to electrophilic aromatic substitution”, Journal of the 
American Chemical Society (1993), 115, 3091–3104. 
9 Stock, L. M., Baker, F. W. ”Rates and Isomer Distributions in the Non-catalytic 
Chlorination of the Halobenzenes and Certain Halotoluenes in Aqueous Acetic Acid. 
Partial Rate Factors for the Halogenation of the Halobenzenes”, Journal of the 
American Chemical Society (1962), 84, 1661–1667. 
10 DeHaan, F. P., Covey, W. D., Delker, G. L., Baker, N. J., Feigon, J. F., Ono, D., 
Miller, K. D., Stelter, E. D., ”Electrophilic aromatic substitution. 5. A kinetic study 
of Friedel-Crafts acylation in nitromethane”, The Journal of Organic Chemistry 
(1984), 49, 3959–3963. 
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chloronium, bromonium, methyl and silyl. They were characterized by UV-
vis spectroscopy, NMR and/or X-ray crystallography.11,12,13 There have also 
been claims of an observation of a true σ-complex with time-resolved 
spectroscopy in the nitrosation of methylsubstituted benzenes.14 One of the 
transient species was assigned to the σ-complex, but this interpretation 
remains unclear. Both theoretical15 as well as experimental IRMPD studies16 
indicate that the Wheland type structure in nitrosation reactions is a transition 
state rather than an intermediate.  
   
Kochi and coworkers have in a number of papers studied π-complexes formed 
between various types of electrophiles and unsubstituted and methyl 
substituted benzenes. A combination of X-ray crystallographic, NMR and 
time-resolved UV-vis spectroscopic methods were employed to determine 
their precise structures. They demonstrated that the nitrosonium ion (NO+) is 
located in a central position above the planar arene ring17 and that the π-
complex between bromine (Br2) and benzene evolved into hydrogen bromide 
and bromobenzene suggesting that the π-complex is a true intermediate of the 
SEAr.18,19 Interestingly, the later π-complexes were not unoriented but the Br2 

                                                             
11 Doering, W. v. E., Saunders, M., Boyton, H. G., Hearhart, H. W., Wadley, E. F., 
Edwards, W. R., Laber, G., ”The 1,1,2,3,4,5,6-heptamethylbenzenonium ion”, 
Tetrahedron (1958), 4, 178–185. 
12 Olah, G. A., Lin, H. C.,Mo, Y. K. ”Stable carbocations. CXXXIX. Nitro- and 
chlorohexamethylbenzeneium ions and 1-nitro- and 1-chloro-2,4,6-
trifluoromesitylenium ions”, Journal of the American Chemical Society (1972), 94, 
3667–3669. 
13 Hubig, S. M., Kochi, J. K., ”Structure and Dynamics of Reactive Intermediates in 
Reaction Mechanisms. σ- and π-Complexes in Electrophilic Aromatic Substitutions”, 
Journal of Organic Chemistry (2000), 65, 6807–6818. 
14 Hubig, S. M., Kochi, J. K. ”Direct Observation of the Wheland Intermediate in 
Electrophilic Aromatic Substitution. Reversible Formation of Nitrosoarenium 
Cations”, Journal of the American Chemical Society (2000), 122, 8279–8288. 
15 Gwaltney, S. G., Rosokha, S. V., Head-Gordon, M, Kochi, J. K., ”Charge-Transfer 
Mechanism for Electrophilic Aromatic Nitration and Nitrosation via the Convergence 
of (ab Initio) Molecular-Orbital and Marcus−Hush Theories with Experiments”, 
Journal of the American Chemical Society (2003), 125, 3273–3283. 
16 Chiavarino, B., Crestoni, M. E., Fornarini, S., Lemaire, J., Maitre, P., MacAleese, 
L., ”π-Complex Structure of Gaseous Benzene−NO Cations Assayed by IR Multiple 
Photon Dissociation Spectroscopy”, Journal of the American Chemical Society 
(2006), 128, 12553–12561. 
17 Hubig, S. M., Kochi, J. K., ”Structure and Dynamics of Reactive Intermediates in 
Reaction Mechanisms. σ- and π-Complexes in Electrophilic Aromatic Substitutions”, 
Journal of Organic Chemistry (2000), 65, 6807–6818. 
18  Vasilyev, A. V., Lindeman, S. V., Kochi, J. K., ”Noncovalent Binding of the 
Halogens to Aromatic Donors. Discrete Structures of Labile Br2 Complexes with 
Benzene and Toluene”, Chemical Communications, (2001), 909–910. 
19 Vasilyev, A. V., Lindeman, S. V., Kochi, J. K., ”Molecular Structures of the 
Metastable Charge-Transfer Complexes of Benzene (and Toluene) with Bromine as 
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showed a perpendicular approach to the ring with C-atom coordination, that 
is η2 hapticity is favored over η1 or η6.  
 

1.2. Current mechanistic understanding from 
quantum chemical studies  

The SEAr reaction that has been most extensively studied by computational 
quantum chemistry is nitrations; numerous quantum chemical papers have 
been devoted to this topic, but halogenations have also received considerable 
attention. Other SEAr reaction subtypes have been less well studied by 
theoretical methods. It is not my intention to give a comprehensive description 
of all this literature, I will rather focus on the articles which in my opinion 
have the most direct relevance to the work in this thesis. 
 
Quantum computational studies have challenged the putative SEAr 
mechanistic pathway both for the halogenation with Cl2/Br2 and for 
sulfonations. Recently Kong et al studied the potential energy surface (PES) 
for bromination of different polybenzoid hydrocarbons including benzene at 
the restricted B2-PLYP/6-311+G(2d,2p) level and showed that nonradical and 
uncatalyzed addition-elimination compete favorably with aromatic 
substitution in apolar media.20 A similar result was found for the chlorination 
of anisole in apolar media21 and for chlorination of toluene. In this later study 
Zhang and Lund22 revealed two different mechanisms depending upon the 
solvent polarity. In the gas phase or in a low polarity solvent they were unable 
to find a stable σ-complex. Instead they predicted a concerted reaction 
mechanism with a transition state resembling a σ-complex, while in solvent 
with a higher dielectric constant they found a stable σ-complex. In a fourth 
paper Koleva et al studied sulfonation at the M06-2X/6-311+G(2d,2p) and 
SCS-MP2/6-311+G(2d,2p) level and found that the reaction proceeds via a 
single transition state through a concerted mechanism in vacuo or in apolar 

                                                             
the Pre-Reactive Intermediates in Electrophilic Aromatic Bromination”, New Journal 
of Chemistry (2002), 26, 582–592. 
20 Kong, J., Galabov, B., Koleva, G., Zou, J. -J., Schaefer, H. F., Schleyer, P. v. R., 
”The Inherent Competition between Addition and Substitution Reactions of Br2 with 
Benzene and Arenes”, Angewandte Chemie International Edition (2011), 50, 6809–
6013. 
21 Galabov, B., Koleva, G., Simova, S., Hadjieva, B., Schaefer, H. F., Schleyer, P. v. 
R., ”Arenium Ions Are Not Obligatory Intermediates in Electrophilic Aromatic 
Substitution”, Proceedings of the National Academy of Sciences (2014), 111, 10067–
10072. 
22 Zhang, M., Lund, C. R. F., ”An Experimental and Computational Study of Solvent 
Effects in Toluene Chlorination”, The Journal of Physical Chemistry A (2002), 106, 
10294–10301. 
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media.23 However, to obtain a reasonable reaction rate, most aromatic 
substitution reactions are run in polar solvents and this favors the SEAr 
pathway as interactions with the solvent stabilize the σ-complex intermediate. 
So even though the classical SEAr mechanism involving the σ-complex 
intermediate is not universally applicable, it is the most relevant mechanism 
when considering preparative or industrial applications. It is this mechanistic 
electrophilic substitution pathway we will focus upon throughout this thesis. 
 
Nitration 
For nitrations I have chosen three articles, the first study was published in 
2003 by Esteves, Olah and coworkers.24 In this work the relative energies of 
the detailed potential energy surface (PES) for the nitration of benzene by the 
NO2

+ ion in the gas phase was investigated by restricted KS-DFT at the 
GVB(3)-CASSCF(6,6)/6-311++G(d,p)//B3LYP/6-311++G(d,p) level. They 
found that the formation of the σ-complex is preceded by the passing of two 
intermolecular π-complexes on the potential energy surface. The first is of C6v 

–symmetry with the linear NO2 ion coordinated perpendicular to the plane of 
the aromatic ring. The second is C-atom coordinated and it is interpreted as a 
radical–radical cation pair in line with the SET mechanism.  
 
The second is an important study by Haas and coworkers from 2010.25 They 
investigated the importance of the SET mechanism in the gas phase reaction 
of NO2

+ and benzene at the CAS-SCF(10,9)/cc-pVDZ level. The advantage 
with the multi-configurational SCF-theory (MC-SCF) is that, contrary to 
ordinary KS-DFT, it can consistently describe both closed and open-shell 
systems, as well as low lying excited states and their crossings with the ground 
state. The authors find that the interacting system takes place on the ground 
state surface, and that although the SET mechanism is favored for activated 
aromatics in the gas phase it is less important in solution. 
 
The third article is a 2006 study by Esteves and coworkers, also performed in 
the gas phase. They analyzed the intermediates, i.e., the two π-complexes and 

                                                             
23 Koleva, G., Galabov, B., Kong, J., Schaefer, H. F., Schleyer, P. v. R., 
”Electrophilic Aromatic Sulfonation with SO3: Concerted or Classic SEAr 
Mechanism?”, Journal of the American Chemical Society (2011), 133, 19094–19101. 
24 Esteves, P. M, De M Carneiro, J. W., Cardoso, S. P., Barbosa, A. G., Laali, K. K., 
Rasul, G., Prakash, G. H., Olah, G. A., ”Unified Mechanistic Concept of 
Electrophilic Aromatic Nitration:  Convergence of Computational Results and 
Experimental Data”, Journal of the American Chemical Society (2003), 125, 4836–
4849. 
25 Xu, X. F., Zilberg, S., Haas, Y., ”Electrophilic Aromatic Substitution: The Role of 
Electronically Excited States”, Journal of Physical Chemistry A (2010), 114, 4924–
4933. 
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the σ-complex, in the nitration of a range of substituted benzenes.26 They 
suggest that there is a continuous smooth mechanistic transformation from a 
traditional Ingold-Hughes type for deactivated benzenes to a SET type 
mechanism for activated ones. In line with their earlier study, the C-atom 
coordinated π-complexes were interpreted as a radical–radical cation complex 
formed from the SET. But like their study from 2003, this study was also 
performed using restricted KS-DFT (B3LYP), and it is thus difficult, based 
on the articles, to establish if this intermediate indeed has open-shell character.  
 
Most significant computational studies of the mechanism of aromatic 
nitrations have focused on gas phase conditions and relatively few theoretical 
studies have been devoted to nitrations in solution. Considering that the 
reaction mechanism for nitrations involve ions, it is reasonable to assume that 
both the energetic as well as the electronic structures are quite different in 
polar media compared to the gas phase. Therefore, it is crucial to take solvent 
factors into consideration if any substantial conclusions are to be drawn 
regarding reactions performed under such conditions. We shall pursue this 
question in the result part of this thesis.    
  
Halogenation 
Halogenation has been investigated in several theoretical studies. Most of 
these have focused on Cl2 or Cl+ as the active electrophile. Considering that 
there is little evidence for the formation of free Cl+ in solution, we will just 
treat the former type studies. For this SEAr reaction subtype, I have chosen the 
study from 2003 by Ben-Daniel et al of the chlorination of benzene with Cl2. 
This reaction and its catalysis by polyfluorinated alcohols was studied at the 
B3LYP/6-311G* level27 with solvent calculations performed aposteriori on 
structures optimized in the gas phase. Three stationary points on the PES were 
characterized. The reaction begins with the formation of a weak π-complex, 
with the Cl2 electrophile approaching the aromatic ring in a perpendicular 
fashion, i.e. the C-Cl-Cl angle is close 180°. The next stationary point is the 
transition state for forming the σ-complex. This structure is very different, 
with a C-Cl-Cl angle close to 90° and the outermost Cl-atom pointing away 
from the plane of the ring. The last point is the classical σ-complex in which 
the outermost Cl-atom is almost dissociated and prepositioned for abstracting 
a proton. 
 
                                                             
26 de Queiroz, J. F., Carneiro, J. W., Sabino, A. A., Sparrapan, R., Eberlin, M. N., 
Esteves, P. M., ”Electrophilic Aromatic Nitration:  Understanding Its Mechanism and 
Substituent Effects”, Journal of Organic Chemistry (2006), 71, 6192–6203. 
27 Ben-Daniel, R., de Visser, S. P., Shaik, S., Neumann, R., ”Electrophilic Aromatic 
Chlorination and Haloperoxidation of Chloride Catalyzed by Polyfluorinated 
Alcohols:  A New Manifestation of Template Catalysis”, Journal of the American 
Chemical Society (2003), 125, 12116–12117. 
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2. Nucleophilic Aromatic Substitution 
(SNAr) 

Substitution in aromatic systems can also be accomplished by nucleophilic 
attacking reagents, and even though the SEAr reaction by far is the most 
common mode of substitution, nucleophilic aromatic substitution represents a 
class of reactions of fundamental importance. Besides widespread relevance 
as a versatile synthetic tool and to industry, this reaction type is also 
encountered in biological transformations such as dechlorination. There are 
several mechanistically different ways in which such substitution can proceed 
– the SNAr addition-elimination mechanism, SN1 via an aryl cation 
encountered with diazonium salts, the benzyne mechanism, free radical SRN1, 
the ANRORC (Addition of the Nucleophile Ring Opening and Ring Closure) 
mechanism and vicarious nucleophilic substitution. The most common and 
most important (from an industrial and preparative point of view) of these 
mechanisms is the SNAr and it is the one we will focus upon in the following. 
For a more complete coverage of the literature on this subject, the readers are 
referred to the recent book by Terrier.28 

 

2.1. Current mechanistic understanding based on 
kinetic and spectroscopic studies  

Analogous to electrophilic aromatic substitution, the SNAr reaction occurs 
without rearrangement and, when uncatalyzed, exhibits kinetics and response 
to structural and environmental factors that strongly indicate a bimolecular 
mechanism. In the first step, the aromatic π system is attacked by a 
nucleophilic reagent to form an intermediate cyclohexadienyl anion of some 
stability, in which the carbon center undergoing substitution becomes sp3-
hybridized and the cyclic conjugation of the aromatic system is broken. This 
intermediate is known as the σ-complex or Meisenheimer complex and has 
the negative charge delocalized over the ring (Figure 2, route 1). For the 
reaction to proceed, an atom or group (for example a halide) must act as a 
leaving group and be split off and thereby recover the aromatic π system and 
form the product. The conceivable elimination of the nucleophile, which 
would lead back to the starting products, occurs more seldom as a good 
nucleophile is usually also a poor leaving group. Contrary to SEAr where H+ 
work as the leaving group, hydride anions cannot depart spontaneously from 
the σ-complex and hydrogen is thus rarely replaced in SNAr reactions if they 
are not removed by external agents-oxidants. Some studies have supported the 
                                                             
28 Terrier, F. Modern Nucleophilic Aromatic Substitution, Wiley (2013). 
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idea that noncovalent bonding may take place initially between the 
nucleophilic reagent and the aromatic substrate, resulting in a π-complex (also 
referred to as a charge-transfer complex or electron donor-acceptor).29,30  

 
Figure 2. The putative mechanism for SNAr. Attack with an anionic 
nucleophile (route 1) and with a neutral nucleophile, exemplified with amine, 
along two different modes of expulsion (routes 2a and 2b).    

Some of these complexes have been identified by UV-visible and NMR 
spectroscopy, but the question of whether this complex is a true intermediate 
on the SNAr reaction pathway is still a matter of debate. It is possible that their 
formation only occurs as a side equilibrium to the main reaction.31,32  

As might be expected, a nucleophilic attack on an unsubstituted benzene will 
be much slower than an attack by electrophiles due to the evident repulsion 
between the π-electrons and the approaching nucleophile. But also because 
the π orbital system in the anionic intermediate σ-complex is less capable of 
delocalizing the electrons of the system than the corresponding cationic σ-
complex. It can thus be easily understood why the presence of electron-
                                                             
29 Berryman, O. B., Bryantsev, V. S., Stay, D. P., Johnson, D. W., Hay, B. P. 
”Structural Criteria for the Design of Anion Receptors:  The Interaction of Halides 
with Electron-Deficient Arenes”, Journal of the American Chemical Society (2007), 
129, 48–58. 
30 Rosokha, Y. S., Lindeman, S. V., Rosokha, S. V., Kochi, J. K. ”Halide 
Recognition through Diagnostic “Anion–π” Interactions: Molecular Complexes of 
Cl−, Br−, and I− with Olefinic and Aromatic π Receptors”, Angewandte Chemie 
International Edition (2004), 43, 4650–4652. 
31 Forlani, L. ”Are Weak Interactions Responsible for Kinetic Catalytic Behaviour in 
SNAr Reactions?”, Journal of Physical Organic Chemistry (1999), 12, 417–424. 
32 Forlani, L., Tortelli, V. J. “Catalytic behavior of 1,4-diaza(2.2.2)bicyclooctane in 
the reaction between 1-fluoro-2,4-dinitrobenzene and amines: an alternative 
explanation” Journal of Chemical Research, Synopses (1982), 9, 258-259. 
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withdrawing substituents on the aromatic ring is a key factor that determine 
the feasibility of SNAr reactions in general. In this context, it can be noted that 
the greater electronegativity of a nitrogen atom makes aromatic nitrogen 
heterocycles π-electron deficient on the remaining carbons. This favors 
nucleophilic substitution and ring nitrogen can in this respect be regarded as 
an electron withdrawing group.  
 
The most convincing evidence of the putative SNAr mechanism is the 
successful and unambiguous identification of the σ-complex intermediates in 
many cases. In contrast to the true σ-complex (with aromatic hydrogens) in 
SEAr reactions, the corresponding adduct in SNAr can be much more stable. If 
it is stabilized by electron withdrawing groups and with a poor leaving group, 
it is so stable that it easily can be followed spectroscopically and sometimes 
even isolated. Both 1H and 13C NMR spectroscopy have been used to obtain 
structural and charge distribution information about these adducts, for 
example the change from sp2 to sp3 hybridization upon nucleophilic attack and 
the position of attack.33,34  X-ray crystallography has also been used to 
establish the structure of both anionic as well as zwitterionic σ-adducts.35   
 
Understanding how the change of nuleophilic reagent and/or leaving group 
(nucleofuge) influence the reactivity of electron-deficient aromatics has 
played a crucial role in the formulation of the SNAr mechanism, and halogens 
are the nucleofuges that have been most extensively studied. The 
electronegativity of the halogens come in the order F>Cl≈Br>I and this would 
be the order of reactivity should the formation of the σ-complex be the rate-
determining transition state (TS1). On the other hand, the tendency of a 
halogen atom to depart with the bonding electron pair, the nucleofugality, goes 
in the reversed order I>Br≈Cl>F in dipolar aprotic solvents like DMSO or 
DMF. This would be the order of reactivity should the expulsion of the leaving 
group be the rate-determining transition state (TS2). Experimentally, both 

                                                             
33 Buncel, E., Manderville, R. A. ”Ambident Reactivity of Aryloxide Ions towards 
1,3,5-Trinitrobenzene, Low-Temperature Characterization of the Elusive Oxygen-
Bonded σ-Complexes by 1H and 13C NMR Spectroscopy”, Journal of Physical 
Organic Chemistry (1993), 6, 71–82. 
34 Manderville, R. A., Dust, J. M., Buncel, E. ”Reaction Pathways for Ambident 
Aryloxide O- and C-Nucleophiles in SNAr Displacement versus Meisenheimer 
Complex Formation with Picryl Halides. Stereoelectronic Effects on 
Regioselectivity”, Journal of Physical Organic Chemistry (1996), 9, 515–528. 
35 Al-Kaysi, R. O., Guirado, G., Valente, E. J. ”Synthesis and Characterization of a 
New Fluorescent Zwitterionic Spirocyclic Meisenheimer Complex of 1,3,5-
Trinitrobenzene”, European Journal of Organic Chemistry (2004), 3408–3411. 
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reaction orders are commonly observed,36,37,38,39 showing that the overall 
substitution is governed by a balance of factors (for example type of solvent) 
contributing to the stabilization of both TS1 and TS2.  
 
Reactions with neutral nucleophiles like amines or alcohols constitute a 
special case of SNAr reactions and they have attracted great mechanistic 
interest in recent years. Here the initially formed σ-complex adduct is 
zwitterionic and contains an acidic proton from the neutral nucleophile. The 
decomposition step is a bit more involved compared to the case of anionic 
nucleophiles, since the system formally loses a proton from the nucleophile in 
addition to the leaving group. Conversion of this intermediate occurs stepwise 
either starting with uncatalyzed loss of the leaving group or by base-catalyzed 
loss of the proton (Figure 2, routes 2a and 2b respectively). Which route the 
reaction takes is highly dependent upon the type of solvent. Kinetic 
investigations of this reaction subtype have played an important role in the 
understanding of the SNAr mechanism.40,41  
 
The stepwise mechanism constitutes most of the investigated SNAr reactions 
and it was unquestioned until 1993. But this year Hunter et al gave conclusive 
kinetic evidence that the phenolysis of 2-(4-nitrophenoxy)-4,6-dimethoxy-
1,3,5-triazine in aqueous solution proceeds in a concerted reaction step.42 
What are the provisions for this alternative mechanistic route to occur? 
Clearly, the observed shift to a concerted pathway is the result of a 
comparative destabilization of the potential σ-complex, to such an extent that 

                                                             
36 Miller, J. Aromatic Nucleophilic Substitution (1968) Elsevier Publishing Company. 
37 Broxton, T. J., Muir, D. M., Parker, A. J., ”Aromatic nucleophilic substitution 
reactions of ambident nucleophiles. III. Reactivity of the nitrite ion”, The Journal of 
Organic Chemistry (1975), 40, 3230–3233. 
38 Ritchie, C. D., Sawada, M. ”Cation-anion combination reactions. 15. Rates of 
nucleophilic aromatic substitution reactions in water and methanol solutions”, 
Journal of the American Chemical Society (1977), 99, 3754–3761. 
39 Bartoli, G., Todesco, B. E. "Nucleophilic substitution. Linear free energy relations 
between reactivity and physical properties of leaving groups and substrates" 
Accounts of chemical research (1977), 10, 125-132. 
40 Um, I. H., Min, S. -W., Dust, J. M. ”Choice of Solvent (MeCN vs H2O) Decides 
Rate-Limiting Step in SNAr Aminolysis of 1-Fluoro-2,4-dinitrobenzene with 
Secondary Amines:  Importance of Brønsted-Type Analysis in Acetonitrile”, Journal 
of Organic Chemistry (2007), 72, 8797–8803. 
41 Um, I. H., Im, L. R., Kang, J. S., Bursey, S. S., Dust, J. M., ”Mechanistic 
Assessment of SNAr Displacement of Halides from 1-Halo-2,4-dinitrobenzenes by 
Selected Primary and Secondary Amines: Brønsted and Mayr Analyses”, Journal of 
Organic Chemistry (2012), 77, 9738–9746. 
42 Hunter, A., Renfrew, M., Taylor, J. A., Whitmore, J. M. J., Williams, A., ”A single 
transition state in nucleophilic aromatic substitution: reaction of phenolate ions with 
2-(4-nitrophenoxy)-4,6-dimethoxy-1,3,5-triazine in aqueous solution”, Journal of 
Chemical Society Perkin Transactions 2 (1993), 1703-1704. 
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this adduct no longer is stable enough to exist as a discrete intermediate along 
the reaction coordinate. A number of factors contribute to this destabilization: 
the excellent nucleofugality of the phenoxy group, the small possible charge 
delocalization in the potential triazine σ-complex and the absence of a notable 
release of steric strain at the reactive center.43 The fact that the aromatic 
triazine substrate is activated by ring nitrogens and not with electron 
withdrawing groups capable of stabilizing the potential cyclohexadienyl 
intermediate through resonance delocalization (such as –NO2 or carbonyl) is 
crucial in this respect. To the best of our knowledge, the only experimental 
work done on establishing the nature of the reaction intermediate with Cl or 
Br as leaving groups are cases where the intermediate is highly stabilized, for 
example in the nucleophilic substitution of OH- with 2,4,6-trinitro-
chlorobenzene or 2,4-dinitro-chlorobenzene.44,45 These are cases where the σ-
complex have been demonstrated to exist. The overwhelming majority of all 
experimental and theoretical mechanistic investigations have been performed 
on mono-, di- or trinitro-substituted aromatics; most of them cases where the 
σ-complex intermediate is sufficiently stabilized to result in a two-step SNAr 
pathway. Against this background it is perhaps no wonder that the concerted 
SNAr mechanism has been considered an exception. In the second part of this 
thesis we will present results that strongly indicate a concerted mechanistic 
pathway in cases with Cl-/HCl/Br-/HBr as nucleofuge.    
 

2.2. Current mechanistic understanding from 
quantum chemical studies  

In this section I will limit myself to the question of a stepwise versus a 
concerted mechanism. The papers I would like to refer to in this context is the 
2010 study of the identity reaction X- + PhX → X- + PhX in the gas phase by 
Uggerud and coworkers46 and the gas phase and PCM study of both inter- and 
intramolecular nucleophilic attack from 2011 by Cheron et al.47 Finally the 
2016 study, where Moors et al performed both static and dynamic ab initio 

                                                             
43 Terrier, F. Modern Nucleophilic Aromatic Substitution, Wiley (2013). 
44 Bacaloglu, R., Bunton, C. A., Ortega, F. ”Single-electron transfer in aromatic 
nucleophilic addition and substitution in aqueous media”, Journal of the American 
Chemical Society (1988), 110, 3503–3512. 
45 Bacaloglu, R., Bunton, C., ”Mechanism of reaction of hydroxide ion with 
dinitrochlorobenzenes”, Journal of the American Chemical Society (1991), 113, 238–
246. 
46 Fernández, I., Frenking, G., Uggerud, E. ”Rate-Determining Factors in 
Nucleophilic Aromatic Substitution Reactions”, Journal of Organic Chemistry 
(2010), 75, 2971–2780. 
47 Chéron, N., El Kaim, L., Grimaud, L., Fleurat-Lessard, P., ”Evidences for the Key 
Role of Hydrogen Bonds in Nucleophilic Aromatic Substitution Reactions”, 
Chemistry – A European Journal (2011), 17,  14929–14934. 
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molecular dynamics simulations with solvent effects modeled by the use of 
explicit solvent molecules.48 All three studies show the same pattern: if the 
leaving group is bonded to the ring via an element in the second row of the 
periodic table (e. g. –F) the substitution follow a stepwise mechanism. When 
the leaving group is bonded via an element from the third or fourth row (e. g. 
–Cl or –Br) the substitution follows a concerted mechanism and the σ-
complex reaction intermediate can only be found if the substrate is highly 
stabilized with several nitro groups.    

 

3. Quantum Chemistry 
First a note on terminology, the term computational chemistry is normally 
used for the branch of chemistry which employ mathematical methods that 
has been implemented, or is ready for implementation, on a computer for 
solving chemical problems. As examples, both the use of quantum chemical 
software packages to optimize the geometry of molecular structures as well as 
the use of retrosynthetic software to aid in the development of efficient 
synthetic routes to a target compound can be regarded as computational 
chemistry. Quantum chemistry is a subarea of quantum mechanics, with the 
study of chemical systems as its primary focus. It is considerably more applied 
in nature than quantum mechanics as it closely traces the progress of 
experimental chemistry.  
In the sections below I will give a short introduction to quantum chemistry. 
Standard textbooks are recommended for a more thorough introduction.49,50 
 

3.1. Wave function based approaches 

In quantum mechanics, a physical state is described by a wave function, ψ; a 
complex-valued square-integrable vector in a Hilbert space. The complex 
conjugate ψ*ψ = |ψ|2 represent a probability density, where the probability of 
finding an electron in a volume element dr is found by:  

 

                                                             
48 Moors, S. L., Brigou, B., Hertsen, D., Pinter, B., Geerlings, P., Speybroeck, V. V., 
Catak, S., De Proft, F., ”Influence of Solvation and Dynamics on the Mechanism and 
Kinetics of Nucleophilic Aromatic Substitution Reactions in Liquid Ammonia”, 
Journal of Organic Chemistry (2016), 81, 1635–1644. 
49 Jensen, F. Introduction to Computational Chemistry, 2 edition (2007), Chichester, 
England ; Hoboken, NJ: Wiley. 
50 Szabo, A.; Ostlund, N. Modern Quantum Chemistry: Introduction to Advanced 
Electronic Structure Theory, (1989), Dover Publications, New York. 
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# $ = 	 |ψ($)|	+d$	     (3.1) 

 

Observable properties of a state can be calculated by applying the proper 
Hermitian operator (say A) on ψ. The expectation value of the measurable 
quantity given by A is then:   

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

< A >	= 	
0∗2034

0∗056
                                                          (3.2) 

                                                                                  

The fundamental equation in quantum chemistry is the non-relativistic time-
independent Schrödinger equation: 

  

7ψ = 8ψ	                                                      (3.3) 

 

Here the Hermitian operator H is the energy operator (representing the kinetic 
and potential energy of the electrons and nuclei of a chemical system) called 
the Hamiltonian. When it operates on the chemical state ψ (representing for 
example a molecule) it gives the allowed energies as eigenvalues (the 
observable property) and the allowed quantum states as eigenfunctions of this 
equation. The eigenfunctions are orthogonal to each other (ψ*iψj = 0 if i	≠ : ). 
Thus, the energy of the quantum mechanical system is quantized into discrete 
energy levels and the eigenfunction corresponding to each energy eigenvalue 
give its spatial electron distribution.  
 
The Born-Oppenheimer approximation 
As nuclei are much heavier than electrons, they move more slowly, and an 
important approximation is to regard the electrons as moving in a constant 
field of fixed nuclei positions. This is known as the Born-Oppenheimer 
approximation and it enables the Schrödinger equation to be separated into a 
nuclear and an electronic part with a fixed nuclear geometry R, that is 
 

7;ψ; $, = = 8;ψ;($, =)   (3.4)    and     7>?ψ>? $, = = 8>?ψ>?($, =)	 (3.5)                                        
  

The energy operator (the Hamiltonian) of the electronic part of the 
Schrödinger equation can be written, in atomic units as:  
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Where the first term represents the kinetic energy of the electrons, the second 
term the attractional energy between electrons and nuclei (ZA is the atomic 
number of nuclei A and riA is the distance between nuclei A and electron i), 
and the last term the electron-electron repulsion. Note that the Born-
Oppenheimer approximation has made it possible to omit the nuclei´s kinetic 
energy from the electronic Hamiltonian and to treat the repulsion between the 
nuclei as a constant. The nuclei can now be considered as moving on a 
potential energy surface (PES) where the total energy of a molecule at every 
point on the surface is the sum of Eel, obtained from solving equation (3.5), 
and the nuclear repulsion energy for the nuclear geometry of that specific 
point. Note also that the Born-Oppenheimer approximation is necessary to 
give entities like “bond lengths” and “transition states” a clearly defined 
meaning.   
 
The orbital approximation 
This is another important approximation in quantum chemistry, and it assume 
that each electron in a many-electron system like a molecule can be 
represented by a one-electron function, called an orbital. For the hydrogen 
atom, these orbitals are the exact solutions (eigenfunctions) to the Schrödinger 
equation and the well-known 1s, 2s, 2p etc orbitals. For a many-electron 
molecule, the molecular orbitals (MO) are often constructed as linear 
combinations of such hydrogenic atomic orbitals (LCAO). 
  
The basis set approximation and the antisymmetric requirement  
The general quantum chemical problem for a given many-body system is to 
find the (unknown) spatial orbitals that can build the wave function of 
equation (3.5). The usual approach to model the spatial orbitals is to expand 
them as linear combinations of M atomic orbitals (φ). An infinite series would 
be required to obtain the exact orbitals, but the so-called basis set 
approximation allows us to construct finite combinations for each spatial 
orbital. The smallest number of atomic orbitals that can be used to define an 
atom or a molecule is called a minimal basis set. 
 

         PD($) 	= 	 QRDSR
N
R ($)                                                                (3.7)                                 

 

The problem of finding the optimal orbitals with this ansatz is equivalent to 
finding the coefficients, cµi, in front of each atomic orbital. The proper radial 
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behavior for an atomic orbital is exp(-r), but for reasons of computational 
efficiency φµ is usually defined as Gaussian type orbitals with an exp(-r2) 
radial dependence. Beside the spatial quantization of the electrons in a system 
there is another intrinsic property of the electrons that is quantized, namely 
the spin. This intrinsic property appears as an additional quantum number in 
relativistic quantum mechanics (upon solving the Dirac equation), but must 
be postulated and “manually” multiplied to the spatial atomic orbitals as spin 
functions (α(ω)) in non-relativistic representations like the Schrödinger 
equation. Another crucial property of the wave functions we construct is that 
they must comply with the Pauli exclusion principle, which states that any two 
fermions (for example electrons) cannot be in the same electronic state. This 
requires the wave function to be antisymmetric upon permutation of two 
electrons. One way to build an N-electron wave function that automatically 
fulfills the antisymmetry requirement is to construct it as a so-called Slater 
determinant. This is achieved by arranging spin orbitals, the product of spatial 
orbitals and spin functions, T U = 	P $ V W ,	in determinant form. The 
indices i in TD UL  refer to the spin orbital, the indices j to the coordinates of 
electron j and (N!)-1/2 is a normalization factor. 51 

                                                                                                                          

 ΦYZ(UB, … , U;) = 	
B

√;!
	
TB(UB) ⋯ T;(UB)
⋮ ⋱ ⋮

TB(U;) ⋯ T;(U;)
                                   (3.8)                                                                                   

 

Note that the interchange of two electrons corresponds to the permutation of 
two rows in (3.8), changing the sign of ΦSD, making it antisymmetric.  
 
Two approximation techniques for solving the Schrödinger equation 
For the clear majority of chemical applications, the Schrödinger equation must 
be solved with approximate methods and the two primary techniques available 
are the variational method and the perturbation method. In the variational 
method the Hamiltonian is kept constant and a guess is made of the 
coefficients describing the trial wave function. The energy of the trial wave 
function (Φ) cannot become lower than the energy of the exact (unknown) 
wave function, and we can use this fact as a way of systematically improve an 
approximate solution to (3.5). This is known as the variational principle: 
 

8>? =	< @ >	= 	
a∗7a

a∗a
	≥ 	8c                                                               (3.9)                                                                                                                          

                                                             
51 Slater, J. C. ”Note on Hartree’s Method”, Physical Review (1930), 35, 210–211. 
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In perturbation theory one starts with the Hamiltonian, H0, of a system that is 
exactly solvable. The exact Hamiltonian of the real system is expressed as a 
sum of H0 and a (smaller) perturbation part H´. Corrections to the energy can, 
in all orders, be expressed in terms of matrix elements of the perturbation 
operator over unperturbed wave functions and unperturbed energies. Møller-
Plesset (MP) perturbation theory is an example of a perturbation method, 
where H0 is the Fock operator (vide infra) and the Hartree-Fock Slater 
determinant is the unperturbed wave function.  
 
The Hartree-Fock method 
The dominant ansatz in computational chemistry for solving the electronic 
Schrödinger equation is called the Hartree-Fock (HF) molecular orbital 
method, and it is a procedure based on the variational principle. In practice 
this means that one finds the spatial orbitals (MOs) that minimize the energy 
of the Slater determinant. Since the electrons are described by one-electron 
functions (spin orbitals), which are delocalized over the entire molecule, each 
electron is moving in the average field of the other electrons and the 
instantaneous correlation of the motions of the electrons is neglected. The one-
electron Hamiltonian for electron number 1 can be rewritten as the so called 
Fock operator: 
 

d 1 = 	−
B

+
∇B
+ −

FG
HfG

N
O + gL 1 − hL(1) 			

;
L    (3.10) 

 

The first two terms depend only on electron 1 and the third involves the 
electron-electron interaction in an average potential. Jj(1) represents the 
ordinary electronic repulsion between electron 1 and orbital j, while Kj(1) is 
the exchange energy operator and a purely quantum mechanical entity arising 
from the antisymmetry of the wave function. The MO´s appear as 
eigenfunctions to the Fock-operator.52 In simple terms the HF approximation 
breaks down a N-electron problem into N one-electron problems, giving a 
system of equations known as the Roothan-Hall equations.53,54  With each spin 

                                                             
52 Fock, V. ”Näherungsmethode zur Lösung des quantenmechanischen 
Mehrkörperproblems”, Zeitschrift für Physik (1930), 61, 126–148. 
53 Roothaan, C. C. J. ”New Developments in Molecular Orbital Theory”, Reviews of 
Modern Physics (1951), 23, 69–89. 
54 Hall, G.G. “The molecular-orbital theory of chemical valency. VIII. A method of 
calculating ionization potentials” Proceedings of the Royal Society of London, series 
A (1951), 205, 541-552.  
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orbital defined through the basis set expansion (3.7), these equations can be 
written in matrix form as: 
 

ij = 	klj                                                                                          (3.11)                                                                    

 

F is the Fock matrix with the elements mno = 	 TR
∗ dTpqr	, S is the overlap 

matrix between each pair of spin orbitals sRp = 	 TR
∗ Tp	qr and C contains all 

basis set coefficients (c´s in equation (3.7)). The third term of the Fock 
operator (equation (3.10)) is dependent on the spin orbitals, and the Roothan-
Hall equations thus must be solved iteratively; a procedure normally referred 
to as the self-consistent field or SCF method. 
 
Additional approximations to the HF method may be invoked. In semi-
empirical methods, the computational effort is reduced by approximating the 
two-electron and overlap integrals that appear in the HF-formalism to simpler 
expressions, or completely omitting them.55  
 
Electron correlation and post-Hartree-Fock methods 
The downside of the Hartree-Fock method lies in the neglect of the dynamic 
correlation (the reduction in repulsion energy associated with the 
instantaneous motion of electrons), which in many instances will give 
erroneous results. The traditional approach to remedy this has been to expand 
the wave function as a linear combination of Slater determinants 
(configuration functions) obtained by utilizing different combinations of the 
occupied and virtual Hartree-Fock molecular orbitals. These, so-called post-
Hartree Fock methods, are in principle capable of producing the exact solution 
but are computationally very demanding for larger molecules. To describe 
some of these post-HF methods, let us introduce the excitation operator T=T1 
+ T2 + T3 +…+ TN. The Ti operator acting on a HF reference wave function 
ψ0 generates all ith excited states. In the configuration interaction (CI) method 
the wave function is written as a linear combination of configuration functions 
where additional functions are obtained by promoting electrons from occupied 
to virtual orbitals; thus ψCI = (1 + T)ψ0. A full CI computation considers all 
possible excitations and is exact within the limit of the basis set. In the coupled 
cluster (CC) method the corresponding action of the excitation operator on the 
reference wave function is not linear but exponential: ψCC = eTψ0 = (1 + T + 
T2/2 + T3/6 +…)ψ0. This mean that excitations of higher order than the 
truncation of the T operator enter the expressions (combinations or products 
                                                             
55 Pople, J. A., Santry, D. P., Segal, G. A. ”Approximate Self-Consistent Molecular 
Orbital Theory. I. Invariant Procedures”, Journal of Chemical Physics (1965), 43, 
129–135. 
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of excitations). Contrary to truncated CI methods, this make (truncated) CC 
methods size extensive (the method scales properly with the number of 
particles), which is a highly desirable feature. 
 
The many-electron multi-determinant trial wave function that is used in post-
HF methods can thus be written as a linear expansion of Slater determinants 
(configuration functions) (eqn (3.8)) which are built by spin orbitals which in 
turn are built from atomic orbitals and spin functions (eqn (3.7))  
 

Ψuv = wcΦxy +	 wDΦzDEB =

	wc		

QRBSR
N
R (${)V 1 ⋯ QR|SR

N
R (${)V 1

⋮ ⋱ ⋮
QRBSR

N
R ($})V N ⋯ QR|SR

N
R ($})V N

+	 …                (3.12) 

 

HF and CI are variational methods, and the best description of the ground state 
wave function is the one that gives the lowest energy. As described above, the 
HF method determines the energetically best possible one-determinant trial 
wave function in a procedure that optimize the basis set coefficients (the cµi´s). 
In the CI and CC methods the HF wave function is most often used as the 
starting point of the optimizations, and it is then the coefficients before the 
determinants that are optimized (the ai´s in eqn (3.12)).  
In some chemical systems, a single electronic configuration does not give an 
adequate or sufficient description of the electronic structure. Static correlation 
refers to the gain of representing the ground state wave function in terms of 
more than one Slater determinant. Examples of systems with significant 
amounts of static correlation are closed-shell molecules with a homolytically 
broken covalent bond (giving diradical systems) and metals from the first 
transition row. Then the Hartree-Fock orbitals are not well suited for 
describing the dominating configuration functions, and an alternative 
approach, multi-configurational SCF-theory (MC-SCF), is often used. In this 
approach, not only the coefficients in front of the configuration functions, but 
also the basis set coefficients (both the ai´s and the cµi´s in eqn (3.12)) are 
optimized to minimize the energy.56 The MC-SCF theory is computationally 
very demanding for large systems, and the selection of which configurations 
that are necessary to include should be done with care.   
 
Density functional theory cannot be seen as a traditional wave function theory, 
and will be treated separately in the next section. Figure 3 shows the 
connection between the methods described. 
                                                             
56 Hinze, J., Roothaan, C. C. J., ”Multi-Configuration Self-Consistent-Field Theory”, 
Progress of Theoretical Physics Supplement (1967), 40, 37–51. 
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Figure 3. Connection between the methods described in this section. The self-
consistent-field (SCF) procedure is an iterative procedure to solve the HF 
equations. Examples of specific methods are given in parenthesis in the 
perturbation, CI, CC and semi-empirical headings. 
 
 

3.2. Density Functional Theory (DFT)  

During the last twenty years Kohn-Sham density functional theory (KS-
DFT)57 has emerged as the dominating approach for computational analysis 
of chemical reactions. KS-DFT is also in principle a variational approach 
where the big advantage is that dynamic correlation effects are considered, 
even though the computational procedure and cost are very similar to Hartree-
Fock. Almost all calculations in this thesis have been performed with KS-
DFT, and it is therefore appropriate to give an overview of this methodology.      
 
DFT is made possible by two theorems put forward and proven by Hohenberg 
and Kohn.58 The first states that for any system of interacting particles in an 

                                                             
57 Kohn, W., Sham, L. J. ”Quantum Density Oscillations in an Inhomogeneous 
Electron Gas”, Physical Review (1965), 137, A1697–1705. 
58 Hohenberg, P., Kohn, W. ”Inhomogeneous Electron Gas”, Physical Review (1964), 
136, B864–871. 
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external potential, the electron density is uniquely determined. The second 
states that a universal functional for the energy can be defined in terms of the 
electron density, and the exact ground state is the global minimum value of 
this functional. Even though molecular orbitals are used in KS-DFT, it cannot 
be regarded as a traditional wavefunction theory like Hartree-Fock. The MOs 
(φi) are merely used for computing the kinetic energy and for representing the 
electron density as  
 

�	 = 	 SD
+

D     (3.13) 

 

The energy is a functional of the electron density, which in turn is a function 
of the three space coordinates, E= F[ρ(r)]. In the same way as a function is a 
relation that maps a value to a value, a functional is a relation that maps a 
value to a function; in this case an energy value to an electronic density. To 
connect the electron density with the energy, this functional must be designed. 
The functional can be partitioned into different contributions, where all the 
individual terms also are a functional of the electron density,   

 

8>? � = 8>; � +	ÄÅ � + g � + 8ÇÉ �   (3.14) 

 

The first term on the right side of equation (3.14) is the electron-nuclei 
attraction, the second the non-interacting kinetic energy, and the third the 
electron-electron (mean field) repulsion; the same terms that appear in the HF 
method. All other contributions are absorbed into a fourth term called the 
exchange correlation functional, Exc. Essentially Exc is the sum of the error 
made when using non-interacting kinetic energy and when treating the 
electron-electron interaction in a classical way. DFT can in principle be 
constructed to be exact, but we have not yet been able to derive Exc from first 
principle except in some special cases. In wave function approaches the form 
of the Hamiltonian is known and the accuracy of the solutions can be 
systematically improved by building more complete wave function 
constructions. In DFT there is yet no clearly defined way in which the results 
can be systematically improved, and the Exc must be approximated. 
Sometimes the term DFA (Density Functional Approximation) is used. As Exc 
is a rather small part of the total functional even crude approximations of it 
provide quite accurate results 
 
Developing better and better Exc parts of the energy functional has then 
obviously been the major concern in the quest for more accurate predictions 
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of molecular properties with DFT. In 2005 Perdew suggested a so called 
“Jacob´s ladder”, a heuristic characterization of a hierarchy of DFT 
functionals.59 Going up this ladder is not a fool-proof way of improving the 
results but describes a procedure of augmentation of the type of effects or tools 
that are made available and used to improve Exc. The first rung of this ladder 
is the local density approximation (LDA) and it is the simplest representation, 
where Exc only depend upon the value of the electronic density at each point. 
The second rung are gradient-corrected methods (generalized gradient 
approximation, GGA) where the exchange and correlation functional can 
depend not only on the electron density but also on its first derivatives 
(∇�($)). One of the most popular functionals of type is the so called Becke-
88.60 Since the true form of the gradient-dependence is unknown, a further 
improvement is to employ linear combinations of GGA exchange and HF 
exchange energy. These so-called hybrid functionals represent the third rung 
on the ladder and the most well-known functional of this type is B3LYP.61 In 
the next step you may include higher order derivatives and let the functional 
depend on the orbital kinetic energy density (∇+�($)). This give rise to the so 
called meta-GGAs (fourth rung). At the fifth and highest step on this ladder 
the functionals utilize both the occupied as well as the unoccupied Kohn-Sham 
orbitals. The double hybrid functional B2PLYP is one example.      
 
B3LYP and M06-2X are the functionals that have been used in this thesis and 
I will therefore describe them briefly. B3LYP has had an outstanding position 
in computational chemistry for a long time due to its excellent 
cost/performance ratio. It is of hybrid GGA type and combines a correlation 
functional derived by Lee, Yang and Parr (LYP) with three empirically fitted 
parameters (B3) to best match experimental data from studies on first and 
second row atoms. However, π → σ transformations62 and estimations of non-

                                                             
59 Perdew, J. P., Ruzsinszky, A., Tao, J., Staroverov, V. N., Scuseria, G. E., Csonka, 
G. I. ”Prescription for the design and selection of density functional approximations: 
More constraint satisfaction with fewer fits”, The Journal of Chemical Physics 
(2005), 123, 062201. 
60 Becke, A. D. ”Density-functional exchange-energy approximation with correct 
asymptotic behavior”, Physical Review A (1988), 38, 3098–3100. 
61 Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J. ”Ab Initio 
Calculation of Vibrational Absorption and Circular Dichroism Spectra Using Density 
Functional Force Fields”, The Journal of Physical Chemistry (1994), 98, 11623–
11627. 
62 Pieniazek, S. N., Clemente, F. R., Houk, K. N. ”Sources of Error in DFT 
Computations of C-C Bond Formation Thermochemistries: Π→σ Transformations 
and Error Cancellation by DFT Methods”, Angewandte Chemie International Edition 
(2008), 47, 7746–7749. 
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covalent interactions63 like hydrogen bonding is a major intrinsic problem for 
B3LYP. As such interactions are central in describing the species along the 
PES of aromatic substitution reactions, B3LYP may lead to erroneous 
geometries and energies in investigations of this type. New functionals are 
being developed all the time, and the increasingly popular Minnesota type 
functional M06-2X of Zhao and Truhlar is one example. It is a meta-hybrid 
GGA type functional which is highly parametrized, including efforts to 
account for dispersion interactions. It is particularly recommended for main-
group thermochemistry, kinetics and non-covalent interactions; all areas 
where it performs strikingly better than B3LYP.64 M06-2X and its siblings are 
relatively novel and have not yet been exposed to as much independent 
scrutiny as B3LYP, but obviously, they also have downsides. One is a 
relatively large sensitivity to the numerical integration grid size.65 I have 
during the work with this thesis gradually made a transition from B3LYP, and 
instead employed M06-2X in the more mechanistically focused 
investigations.       
 

3.3. Solvent models in quantum chemistry  

In contrast to the clear majority of chemical reactions which occur in the liquid 
phase, most quantum chemistry calculations are made on isolated chemical 
species (termed in vacuo or gas phase). The main reason probably originates 
from the theoretical difficulties of treating solute-solvent interactions within a 
quantum chemical framework. But an omission to take solvent effects into 
consideration may lead to quantitatively and qualitatively erroneous 
conclusions regarding many properties, not least for ionic or zwitterionic 
species. The importance of solvent effects on aromatic molecules has been 
considered by for example Cysewski and coworkers, who reported significant 
solvent related relaxation of the geometries, especially for highly polar 
species.66 

                                                             
63 Grimme, S. ”Accurate Description of van Der Waals Complexes by Density 
Functional Theory Including Empirical Corrections”, Journal of Computational 
Chemistry (2004), 25, 1463–1473. 
64 Zhao, Y., Truhlar, D. G. ”The M06 Suite of Density Functionals for Main Group 
Thermochemistry, Thermochemical Kinetics, Noncovalent Interactions, Excited 
States, and Transition Elements: Two New Functionals and Systematic Testing of 
Four M06-Class Functionals and 12 Other Functionals”, Theoretical Chemistry 
Accounts (2007), 120, 215–241. 
65 Wheeler, S. E., Houk, K. N. “Integration Grid Errors for Meta-GGA-Predicted 
Reaction Energies: Origin of Grid Errors for the M06 Suite of Functionals” Journal 
of Chemical Theory and Computation (2010), 6, 395-404.  
66 Cysewski, P., Szefler, B., Kozłowska, K. ”Solvent Impact on the Aromaticity of 
Benzene Analogues: Implicit versus Explicit Solvent Approach”, Journal of 
Molecular Modeling (2009), 15, 731–738. 
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Much effort has been directed to include solvent effects in quantum chemistry 
computations. It is in principle possible to represent the solvent explicitly, but 
to model a sample which is to be considered as macroscopically representative 
would typically require more than 100 solvent molecules. A full quantum 
mechanical (QM) treatment of such a large system and the statistical treatment 
of its millions of configurations is still so demanding that such investigations 
have mainly been limited to the understanding of the structural properties of 
pure liquids.67 A computationally much less demanding approach is to treat 
the solute molecule with QM methods and the solvent molecules with 
molecular mechanics (MM) methods. The potential energy in MM methods is 
calculated using a classical (Newtonian) force field. The computation of the 
statistical averages can be done by means of either Monte Carlo or molecular 
dynamics algorithms. This type of approach is commonly called the QM/MM 
method, and is now widely used. There is however some difficulty in defining 
the boundary between the QM and MM part (the interaction Hamiltonian, 
HQM/MM). 
 
In many cases, it is quite sufficient to treat the role of the solvent as mainly a 
physical perturbation, which can be simulated at lower theoretical level. The 
by far most common way of representing the solvent in quantum chemical 
calculations is by a continuum approach. A common feature in this type of 
implicit solvation models is that the solute is placed in a cavity in an otherwise 
continuous and polarizable medium characterized by the dielectric 
permittivity as single macroscopic property. The polarizable continuum 
model (PCM) employs a form of the cavity based on interlocking the atomic 
van der Waals radii of the solute. The free energy of solvation is given by 
 

∆ÖÜá?à = ∆ÖâäàDãå + ∆Ö3DÜç + ∆Ö>?	  (3.15) 

 

The first two terms are non-electrostatic, the first is the energetic penalty for 
creating the solvent cavity and the second is the dispersion-repulsion energy 
between solvent and solute. The third term represent the electrostatic 
interaction between the solute and the polarized solvent. The calculated 
electric moments of the solute induce charges in the dielectric medium, which 
in turn acts back on the solute, and iterative self-consistent procedures must 
be employed in the calculations. It is obvious that this kind of simple implicit 
solvent calculations cannot fully reproduce the explicit interactions in for 

                                                             
67 Yu, H., van Gunsteren, W. F. ”Charge-on-spring polarizable water models 
revisited: From water clusters to liquid water to ice”, The Journal of Chemical 
Physics (2004), 121, 9549–9564. 
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example hydrogen bonds. One way of refining the continuum model 
approach, for example in cases where the solvent is expected to play an active 
role in bond breaking or bond formation, is to combine it with one or more 
explicit solvent molecules.  

 

4. Predictive reactivity methods   
In this thesis, one of our main interests are ways to predict relative rate 
constants, where the necessary energy estimates are obtained from quantum 
chemical calculations. I will begin this chapter with a description of the well-
established relationships that connect these energies with macroscopic 
observables such as rate constants.68,69,70 It is followed by an introduction to a 
concept that is central to both reactivity estimations as well as to mechanistic 
evaluations; the Potential Energy Surface. The remainder of the chapter is 
devoted to a description of various ways to predict reactivity theoretically. It 
will focus on quantum chemical approaches, both methods including 
interactions between reactants as well as a selection of methods based on 
calculating some ground-state property. For the sake of completeness, we 
conclude this chapter with a brief discussion of other theoretical (non-
quantum chemical) methods. Chemical examples to illustrate the performance 
of the reactivity methods presented have primarily been taken from aromatic 
substitution reactions. 

 

4.1. Statistical Mechanics, Thermodynamics and 
Transition State Theory 

In this section I will describe how statistical mechanics is used to connect the 
energy of a quantum mechanical system to a partition function and from there 
to a thermodynamic state function. Then how thermodynamics give us the link 
between the Gibbs free energy state function G and the equilibrium constant 
of a system, and finally how transition state theory give us the reaction rate by 
regarding and treating the activated complex and the reactants as a system in 
equilibrium. In this way, we can extend our knowledge from the microscopic 
to the macroscopic regime. 
                                                             
68 Plischke, M., Bergersen, B. Equilibrium Statistical Physics, 3rd Revised edition 
Hackensack, NJ: Wspc, (2006). 
69 McQuarrie, D. A., Simon, J. D. Molecular Thermodynamics University Science 
Book: Sausalito, CA, (1999). 
70 Anslyn, E. V., Dougherty, D. A. Modern Physical Organic Chemistry University 
Science Books, (2006). 
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Statistical mechanics 
The quantum chemical calculations in this thesis are performed on systems 
with 1-3 molecules, while the experimental reactivity data with which the 
results are compared originate from macroscopic samples typically 
representing 1020 – 1023 molecules. The connection between a microscopic 
system and a macroscopic sample is provided by statistical mechanics. At a 
temperature of zero K all molecules are in their energetic ground state, but at 
higher temperatures they are distributed in all possible quantum energy states. 
The most central concept in statistical mechanics is the so-called partition 
function, which can be considered as an operator that counts, sums and forms 
an average over all energy states of a system: electronic, vibrational, rotational 
and translational. Its exact expression is dependent on the properties and the 
conditions of the specific ensemble under consideration. By applying the 
proper mathematical operation to the partition function, we can obtain various 
macroscopic entities, such as the thermodynamic state functions. In this 
respect the partition function plays a similar role in statistical mechanics as 
the wave function does in quantum mechanics (see equation (3.2)). If we 
denote the partition function for a system by Q, we can for example obtain the 
Gibbs free energy (G) for that system by: 
 

Ö = éèÄê
ë?íì

ëî ï
− éèÄñóò                                                       (4.1) 

 

where kB is the Boltzmann constant, T the absolute temperature and V the 
volume. 
 
Thermodynamics 
Thermodynamics is concerned with changes of energy and of states of 
macroscopic systems, for example chemical systems. It thus concerns itself 
with the relations between a few variables, which are sufficient to describe the 
bulk behavior of the system. Once an equilibrium state of a system has been 
established, so called state functions can be defined to describe and quantify 
many macroscopic properties of it. Any quantity which, in equilibrium, is 
independent on the history of the sample is called a state function, their values 
are only dependent on the start and end state, not on the specific path that 
connect them. Examples of state functions connected to the energy of a 
chemical system are enthalpy (H), entropy (S), and Gibbs free energy (G). The 
state functions are not independent, and the connection between G, H and S 
is: 
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ΔÖ = 	Δ@ − 	ÄΔs                                                                           (4.2) 

 

Let us study the chemical reaction of reactants A and B converting to a product 
P: 

 

A + B	
éB
⇌
éúB

	P                          (4.3)

  

 

This reaction, like any chemical reaction, can be viewed as an equilibrium, 
where the extent of conversion is described by the equilibrium constant, K. As 
the reaction rates in both directions are equal at equilibrium, ûüáH†äH3		 =
éB	 A B  and  ûH>à>HÜ>	 = éúB	 P , it follows that:  

 

h = 	
°f
°¢f

=
£

§ •
                                                       (4.4)

    

The curly brackets around each species represent activity, a dimensionless 
quantity which is often approximated by concentration or pressure.  
 
The relationship between the standard Gibbs free energy for our system and 
its equilibrium constant (under the assumption that the system is in its standard 
state, e.g. 298.15 K, 1 molar and 1 bar) is provided by statistical mechanics. 
By applying equation 4.1 to the reaction (4.3) under assumption of constant 
temperature and pressure, and noting that kB = R/NA, we obtain: 
 

¶Öc = Öç
c
	
− ÖOßè

c = −éè ln
ò™

òOßè
= 	−´Äñóh (4.5)

    

R is the gas constant and NA is Avogadro´s number. When a chemical reaction 
is at dynamic equilibrium (at some constant T and pressure), G has reached 
its minimum possible value and no chemical work can be taken from the 
system.  
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Transition state theory (TST) 
Chemical equilibrium says nothing about how persistent different states are, 
just which is thermodynamically more favored. Despite several shortcomings 
(for example its failure at higher temperatures), TST has been important in 
providing researchers with a conceptual understanding of the kinetics of 
chemical reactions. It is a semi-classical theory, where the quantum nature is 
considered by the quantization of vibrational and rotational energy of the 
participating particles, but where the dynamics along the reaction coordinate 
is treated classically. 
  
The rate of transformation from state A+B to state P is determined by the 
macroscopic rate constant k. In TST we assume that different states are 
represented as minima on a Potential Energy Surface (see section 4.2). The 
reaction path between two states, in our case from state A+B to state P, must 
pass through some energy maximum (transition state) on the potential energy 
surface, called the activated complex. The key assumption in TST is to regard 
the activated complex to be in equilibrium with the reactants, that is: 
 

A + B	 ⇌ 	 AB # → P      (4.6)   where         h# = 	
§• #

§ •
    (4.7) 

 

K# is calculated just as an ordinary equilibrium constant in eqn (4.4), but note 
that this is not a chemical equilibrium by our definition above, but rather a 
type of quasi-equilibrium. The rate of the reaction is equal to the number of 
activated complexes that decompose to form P, hence the concentration of 
AB# multiplied by the frequency of it surmounting the barrier. Using eqn (4.2), 
(4.5), (4.7) and identifying this frequency with a vibrational mode we arrive 
at the famous Eyring equation: 

 

é = 	Æ
°Øï
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#/µï = 	Æ
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±∂Å

#/µ±ú≤∑
#/µï  (4.8) 

       

Sometimes a so-called transmission coefficient, κ, is introduced to account for 
quantum mechanical effects like tunneling. Recrossing (a molecule that passes 
over the TS but is reflected to the reactant side) give a κ<1 and tunneling (a 
molecule passing through the barrier rather than over it, ending up at the 
product side) give κ>1. In most cases κ is close to unity and it is often ignored 
altogether. In this thesis, the focus is on relative rate constants between two 
reactions, k2/k1, and in this case the Eyring equation is simplified to: 
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°∏
°f
= 	 ±ú(∂≥∏

#ú∂	≥f
#)/µï = 	 ±ú∂∂≥

#	/µï    (4.9) 

 

Eqn 4.9 is used in paper V and VI of this thesis. The Gibbs free energy comes 
from frequency calculations of structures corresponding to the stationary 
points on the potential energy surface. The electronic energy first obtained 
from electronic structure calculations is strictly speaking only valid at zero 
Kelvin and zero pressure and they are used as input to supplementary 
calculations, to find the thermodynamic energies. The electronic energy is first 
adjusted with the zero-point energy to account for the molecular vibrations 
which remain even at 0°K and then with an enthalpic thermal energy 
correction, which include the effects of molecular translation, vibration and 
rotation. Finally, with an entropic thermal correction. The Gibbs free energy 
can then be evaluated over the whole temperature and pressure range, where 
we have assumed a temperature of 298°K and pressure/concentration of 24.51 
bar (1.0 M). These supplementary calculations are based on the harmonic 
oscillator and rigid rotor approximations, and done under the assumption of 
non-interacting molecules (the ideal gas approximation). In the first four 
papers (I-IV) a simplified approach was used with electronic energies instead 
of the Gibbs free energies (eqn 4.10), with the assumption that the 
thermodynamic correction to this energy is similar over the studied series of 
compounds and therefore cancels out.   
         
°∏
°f
= 	 ±ú(∂π∏

#ú∂πf
#)/µï = 	 ±ú∂∂π

#	/µï  (4.10) 

                                   

4.2. The Potential Energy Surface 

The potential energy surface (PES) gives a relationship between the energy of 
a molecule or a collection of molecules and their geometries. The most direct 
way to compute reactivity is to characterize all the stationary points on the 
PES of the reaction and estimate the rate constant from the free energy 
difference between the rate-determining transition state and the reactants. A 
PES may be visualized by a multi-dimensional plot of the energy versus the 
nuclear coordinates of the system, see Figure 4. The reaction path that at every 
point follows the steepest gradient downwards from a first order saddle point 
to a minimum is called minimum-energy path (MEP) or intrinsic reaction 
coordinate (IRC). A slice through the PES along the MEP produces a 2-D 
diagram with the energy as a function of the reaction coordinate and it 
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represent the relative nuclear motion during the reaction connecting reactants 
and products.  
 

 

Figure 4. Principle example of a PES illustrating various types of stationary 
points. If q is a geometric parameter, a stationary point on the PES is a point 
where ∫8/∫ª = 0 for all q. Stationary points of chemical interest are minima 
(∫+8 ∫ªDªL > 0 for all q) and transition states or first-order saddle points 
(∫+8 ∫ªDªL < 0 for one q along the IRC and > 0 for all other q). The IRC 
pathways are shown as red curves. Reproduced with permission from Wiley 
RightsLink®, in Encyclopedia of Computational Chemistry, 5 Volume Set, 
editor Sabbioni, E., © 1998 John Wiley & Sons, Inc, Hoboken, NJ. 
 
A PES and a MEP with its connection to TS structures and intermediates that 
describe the reaction landscape is immensely helpful both for clarifying the 
mechanism of a reaction as well as for reactivity estimations. But helpful as it 
might be, one should keep in mind that it is only a conceptual tool. First, 
studying the PES gives only a static picture of a reaction as a series of steps 
that all molecular species must run through; it says nothing about the time-
evolution, the dynamics, of a reaction.71 A complete description of a reaction 
requires knowledge of not just the positions during the entire reaction, but also 
of the momentum of the molecules involved. Second, the equilibria and 
kinetics of a reacting system is not governed by the free energy of a single 
molecule, but of populations of molecules with their free energy distributed 

                                                             
71 Computational Organic Chemistry (2014) 2nd Edition, Bachrach, S. M. Wiley. 
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over the PES per Boltzmann statistics.72 Before going into details of various 
ways to estimate reactivity, it is appropriate to point out some potential 
complications and cases where simply studying the energies of a (single) PES 
can lead astray. 
 
Reactions involving different electronic states 
When the curvature of the reaction path is continuous from reactants over all 
the TS´s and all the intermediates to product, then the reaction can be 
described by a single PES and is termed adiabatic, as is typical for thermal 
reactions. However, when transitions between different electronic states are 
involved, the reaction takes place on two or more PES, like for photochemical 
reactions. Transitions by means of radiation-less decay from the excited 
electronic state to the ground state PES of a non-adiabatic photochemical 
reaction takes place via a conical intersection, a so-called funnel.73 That is 
nuclear coordinates where the energies of the ground state and an excited 
electronic state come close to each other, and from a mechanistic point of view 
it plays a similar role in a photochemical reaction as the transition state does 
in a thermal reaction. It represents the region of the PES where the probability 
(not of passage from reactant to product as in thermal reactions) of decay to 
the ground state is the largest.  
 
Non-statistical reaction dynamics 
The inherent assumption in all approaches that use transition state theory 
(TST) to describe the chemical reaction landscape, is that the internal 
(vibrational) energy of the reacting species have had time to distribute, a 
process known as thermal randomization of internal energy. Another way to 
formulate this assumption is to say that the internal energy redistribution must 
be significantly faster than the time for breaking/forming of the chemical 
bonds in a reaction. One example when this assumption breaks down is found 
in the hydroboration of terminal alkenes. Oyola and Singleton74 could not 
reproduce the experimentally found product ratio for this reaction with a 
standard TST approach, even though they tried different types of high-level 
calculations of the PES, including solvent effects. But by calculating the 
dynamic trajectories they found that they passed to products faster than 
thermal equilibrium, and could so reproduce the experimental product ratio in 
an excellent way. 
                                                             
72 Cramer, C. J. Essentials of Computational Chemistry: Theories and Models, 
(2004) 2nd edition, Chichester, West Sussex, England ; Hoboken, NJ: Wiley. 
73 Klessinger, M., ”Conical Intersections and the Mechanism of Singlet 
Photoreactions”, Angewandte Chemie International Edition in English (1995), 34, 
549–551. 
74 Oyola, Y.,.Singleton, D. A. ”Dynamics and the Failure of Transition State Theory 
in Alkene Hydroboration”, Journal of the American Chemical Society (2009), 131, 
3130–3131. 
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Loss of potential energy along reaction trajectories 
Another issue is how the potential energy from a system is removed as it 
moves off the TS and as the reaction proceeds. In solution, some of it is 
transferred to the solvent molecules, whereas in vacuo no neighboring 
molecules are available for collisions and the loss of potential energy must be 
converted into some internal energy. Thus, in vacuo this must lead to some 
combination of a more rapid translation/vibration/rotation. But even in 
solution it is unlikely that a molecular system will be able to lose all its 
potential energy instantaneously and thus follow the MEP-trajectory, it may 
follow trajectories that avoid local minima or another TS entirely. It follows 
that even if we computationally find, for example, an intermediate deep in an 
energy well (were one would suppose that it is stable and has a long lifetime, 
so that there would be plenty of time for thermal randomization), the reaction 
trajectories may simply skirt around them.75 Two examples of this is the Cope 
rearrangement of 1,2,6-heptatriene, where many trajectories bypassed an 
identified, rather stable, diradical intermediate,76 and the SN2 reaction between 
OH- and CH3F where most trajectories avoid the deep energy well associated 
with an intermediate complex  where the leaving F associates with the H of 
the OH group.77     
 
The transition state region 
Let us, just for this subsection, make a distinction of terms. When we discuss 
the “transition state structure” we mean the structure (only one) representing 
this stationary point on the PES. The term “transition state” on the other hand 
will refer to the part of the PES surface (with 3N-7 degrees of freedom, one 
less than the reactants) where the flux of molecules passing from the reactant 
to the product side is maximized. As such the term “transition state” is 
representative of a population of molecules rather than just one structure. 
 
The traditionally calculated rate constant for a reaction follows from an 
expression involving the energy of activation; the energy difference between 
the transition state structure for the rate-determining step and the reactants. 
The reaction rate is, however, not only determined by this energy difference 
(of the “transition state structure”), but of the appearance of the PES in this 
region (of the “transition state”). Consider Figure 5, where reaction 1 and 2 
have identical calculated free energies of activation, but reaction 1 has a much 

                                                             
75 Cramer, C. J. Essentials of Computational Chemistry. 
76 Debbert, S. L., Carpenter, B. K., Hrovat, D. A., Borden, W. T., ”The Iconoclastic 
Dynamics of the 1,2,6-Heptatriene Rearrangement”, Journal of the American 
Chemical Society (2002), 124, 7896–7897. 
77 Sun, L., Song, K., Hase, W. L. ”A SN2 Reaction That Avoids Its Deep Potential 
Energy Minimum”, Science (2002), 296, 875–878. 
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flatter PES transition state region than reaction 2.78 It is important to note that 
although the transition state structure is important as a conceptual tool it is not 
a structure that a molecule passing from reactant to product need to pass. The 
kinetics of a reacting system is governed by the free energy of populations of 
molecules and not of single ones and there is always a thermal distribution of 
the molecules composing the reacting system. This means that many 
molecules can pass on the sides of the transition state structure (and of the IRC 
pathway). Thus, more molecules can stray from the IRC path and pass over to 
product in reaction 1, thus making reaction 1 faster than reaction 2. When 
there is little variation in the degrees of freedom other than that of the reaction 
coordinate (that is when the “mountain pass” is very narrow) we say that the 
reaction has an “entropic bottleneck”. 

 

Figure 5.  Two PES with identical energy of activation. The transition state 
region for PES 1 is flatter than PES 2 and reaction 1 is thereby faster. 
Reproduced with permission from Springer RightsLink®, in Computational 
Chemistry, the chapter Ab initio Calculations, Lewars, E. G., © 2016 Springer 
Verlag. 
 

4.3. Quantum chemical methods including 
interaction between reactants 

The quantum chemical means of estimating reactivity ranges all the way from 
highly demanding molecular dynamics calculation where interactions 
between the reactants and solvation effects are treated explicitly, down to 
calculations based on some ground-state property of one of the reactants. 

                                                             
78 Computational Chemistry (2011), Lewars, E. G., Dordrecht: Springer Netherlands. 
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When deciding upon which approach to use, accuracy and cost (or 
computational effort) are two important quantities. High accuracy/cost ratios 
are often strived after, especially for applications where an estimation of 
relative reactivity is sufficient and absolute precision is not necessary. A rule 
of thumb for these methods is that as the computational effort is reduced, so 
is often the accuracy. The challenge for a specific problem is to find the most 
relevant approximations that will give a reasonable trade-off between 
accuracy and computational effort. The description of the approaches made in 
this section will go from the most elaborate and accurate models to the ones 
that invoke more and more simplifications.  

 
4.3.1. Molecular dynamics   

To describe effects like non-statistical dynamics one would have to make 
explicit simulations of the dynamics of the reaction, a method usually called 
molecular dynamics. In this method, you generate a series of time correlated 
points in phase space (a trajectory) by propagating a starting set of coordinates 
and velocities (and an interaction potential) by a series of finite time steps. In 
one variant of this method, called direct dynamics simulation, scientists can 
obtain the potential energy gradient for a classical trajectory by solving the 
time-independent Schrödinger equation at each numerical integration step.79 
For such a simulation to have any value, the maximum length of the time-step 
must be chosen in consideration to the fastest process for the system, which 
in practice leads to time-steps in the femtosecond region (10-15 s) or less. To 
provide insight in real molecular systems it is also necessary to calculate many 
trajectories (typically hundreds to thousands) and to sample them in a 
statistically meaningful way. Even if trajectory calculations are highly 
parallelizable, this obviously set computational limitations to the usefulness 
of this method as the typical time scale for a chemical reaction is in the 
millisecond to second time scale. It has nevertheless been used frequently to 
elucidate both mechanism and reactivity where other quantum chemical 
approaches have failed.80  

 

 

                                                             
79 Hase, W. L., Song, K., Gordon, M. S. ”Direct Dynamics Simulations”, Computing 
in Science and Engineering, (2003), 5, 36-44. 
80 Xie, J., Kohale, S. C., Hase, W. L., Ard, S. G., Melko, J. J., Shuman, N. S., 
Viggiano, A. A., ”Temperature Dependence of the OH– + CH3I Reaction Kinetics. 
Experimental and Simulation Studies and Atomic-Level Dynamics”, The Journal of 
Physical Chemistry A (2013), 117, 14019–14027. 
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4.3.2. The full PES search 

If we neglect dynamic effects we can investigate the most favorable reaction 
path and its reactivity by studying the potential energy landscape of the system 
- preferably also accounting for solvation effects (Figure 4). The coordinate 
may be the Cartesian coordinates of all atoms or the bond lengths, angles and 
dihedral angles between all atoms of the system. For the simple diatomic 
molecule, we only have one coordinate, the bond distance, for a three-atomic 
molecule we have two independent distances and one angle etc. As the size of 
the system grows the number of coordinates will explode. To obtain correct 
estimates of the free energy for every point of the system, the electronic 
energies need to be corrected with supplementary thermodynamic 
calculations. Thus, the effort needed to map such a surface quickly grows 
unmanageable, especially if high accuracy calculations are to be performed, 
and hence various simplifications must be invoked. One may for instance 
approximate the studied system with an empirical force field where all 
interactions obey classical physical laws (MM calculations). Alternatively, 
one can run QM calculations on parts of the system and MM on different parts. 
However, one loses precision by this approach, and MM is not able to account 
for bond formation/breaking and electron transfers.  
 
Not all coordinates on the PES are of course of equal interest, and a rational 
simplification is therefore to study only a few selected coordinates. The most 
common choice is to follow the reaction coordinate along the MEP mentioned 
earlier in this chapter.  
 

4.3.3. Transition state 

The next simplification is to focus only on the free energy difference between 
the ground-state energy of the reactants (separately or, more correctly, 
associated) and of the rate-determining TS. This energy difference should in 
principle give a good estimate of the activation energy and thus of the 
reactivity. This is the approach we have followed in paper V-VI. It is however 
not easy, without a PES search, to know if the TS structures found are the 
relevant ones from a reaction rate perspective. 

 

4.3.4. The reaction intermediate approach 

Transition state calculations are still quite demanding and further 
simplifications may be employed to estimate the transition state energy. In 
reactions that proceed via a two- or multiple step mechanism, the intermediate 
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formed in the rate-determining step can sometimes be used as an indicator of 
the transition state energy. The computational requirements are similar to the 
transition state approach, for example the level of theory, the need to consider 
solvation effects and entropy estimation. However, it has the distinct 
advantage that it avoids difficult transition state calculations and replaces 
them with optimizations to local minima. Such optimizations normally have 
much larger convergence radii for default starting structures than TS 
optimizations and this approach thus lends itself to automated procedures in a 
way that transition state based ones cannot yet offer. 
 
This has been one of the leading approaches in the study of reactivity of both 
SEAr and SNAr reactions, and we will refer to this as the σ-complex approach. 
Koleva et al. in 2009 computed the relative energy for forming the s-complex 
of SEAr reactions from separated reactants but referred to this energy as the 
electrophile affinity and found good linear correlations between the s-
complex energies and partial rate factors for chlorination, nitration and 
benzylation.81 However, if their claim for nitration is to be taken literally as a 
general statement, it can be questioned on methodological grounds. The 
validity of the data selection must then be considered as biased, as only para 
and meta isomers were included in the chosen nitration examples. 
 
When it comes to the SNAr reaction, Muir and Baker have, in a series of 
papers, investigated how well the s-complex approach could reproduce local 
reactivity for the attack of anionic nucleophiles on aromatic fluorides.82,83,84 
They found that a gas phase approach using the identity reaction (F- as model 
nucleophile) or NH2

- as active nucleophile was sufficient to give a good 
qualitative prediction of the main site of nucleophilic attack. 
 
 

                                                             
81 Koleva, G, Galabov, B., Wu, J. I., Schaefer, H. F., Schleyer, P. v. R., ”Electrophile 
Affinity: A Reactivity Measure for Aromatic Substitution”, Journal of the American 
Chemical Society (2009), 131,  14722–14727. 
82 Muir, M., Baker, J. ”A simple calculational model for predicting the site for 
nucleophilic substitution in aromatic perfluorocarbons”, Journal of Fluorine 
Chemistry (2005), 126, 727–738. 
83 Baker, J. Muir, M. ”The Meisenheimer Model for Predicting the Principal Site for 
Nucleophilic Substitution in Aromatic Perfluorocarbons — Generalization to Include 
Ring-Nitrogen Atoms and Non-Fluorine Ring Substituents”, Canadian Journal of 
Chemistry (2010), 88, 588–597. 
84 Baker, J., Muir, M. ”Further Successes of the Meisenheimer Model”, Applied 
Sciences 2 (2012), 2, 443–452. 
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4.4. Ground-state reactivity descriptors based on 
quantum chemical methods  

When two or more chemical species react, the type of interactions that lead to 
the rate-determining transition state as well as the type of bonds that are 
formed all have the same origin; the quantum mechanical interactions of their 
electronic configurations. But it is convenient to label them per dominating 
aspects or type: electrostatic, charge transfer, polarizability e t c for 
interactions leading to the rate-determining TS and covalent, ionic, metallic, 
hydrogen bonding e t c for chemical bond type. The basic assumption in the 
use of reactivity descriptors is that the reactivity of a substrate in a chemical 
reaction can be correlated to some ground-state property of that substrate. The 
ground-state property chosen normally reflects one interaction type better than 
the others and the physical basis for expecting a correlation for a specific 
chemical reaction would be that the initial interaction leading to the formation 
of the rate-determining transition state largely is of the “right” type. In 
addition, the reactivity of a substrate is likely to vary significantly with the 
surrounding conditions, e.g. solvent or a reacting chemical counterpart. Hence 
the quest for a universally applicable ground-state descriptor is usually an 
unprofitable one.  
 
Reactivity descriptors inherently have problems to account for the complexity 
of many reactions, not least for multi-step reactions or when steric effects are 
important. They work best for analyzing reactions with early transition states, 
where there are only minor perturbations in the electronic and nuclear 
structures of the interacting species upon forming the transition state. 
Considering that many interaction types may contribute to the overall 
activation energy and that the entropic term also should be dealt with, these 
quantities must be kept approximately equal over the studied series of 
compounds. Thus, reactivity descriptors are best suited for comparing 
substrates that have a similar chemical structure. Using such descriptors as 
quantitative measures of relative reactivity should be done with caution, they 
generally need to be calibrated against kinetic data obtained from experiment 
or from accurate transition state calculations. Despite these draw-backs they 
have certain advantages; they are computationally inexpensive and much 
faster than rigorous transition state calculations, as it is basically sufficient to 
perform one ground state calculation for each substrate. The computational 
simplicity of this approach permits fast automated scanning procedures of 
many substrates. To improve their performance, some more general reactivity 
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indices have been devised using combinations of descriptors, reflecting 
different kind of interactions.85   
 
There are numerous reactivity descriptors, and below I will present but a small 
selection of some well-known ones.  
 

4.4.1. Molecular electrostatic potential  

The molecular electrostatic potential V(r) is defined by: 
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The first term accounts for the nuclei contribution and the second sums up the 
field created by the electrons. ZA and RA being the charge and position of 
nuclei A, ρ(r) is the electron density function and r the spatial variable. V(r) 
is a real, measurable physical property and can be determined experimentally. 
It is useful to analyze the calculated potential on a molecular surface defined 
by a constant contour of electron density [VS(r)]. The magnitude of the 
exchange-repulsion energy between two interacting molecules will be 
constant along such a contour since this repulsion depends on the degree of 
electron overlap. Local maxima in VS(r) correspond to electrophilic sites and 
local minima to nucleophilic sites; the relative magnitudes of VS(r) at the local 
maxima/minima are indicative of the relative interaction strengths.86 
 
As V(r) reflects electrostatic interaction it has been used extensively in 
estimations of non-covalent interactions, for example hydrogen87 and halogen 

                                                             
85 Anderson, J. S. M., Melin, J., Ayers, P. W. ”Conceptual Density-Functional 
Theory for General Chemical Reactions, Including Those That Are Neither Charge- 
nor Frontier-Orbital-Controlled. 2. Application to Molecules Where Frontier 
Molecular Orbital Theory Fails”, Journal of Chemical Theory and Computation 
(2007), 3, 375–389. 
86 Brinck, T. ”The use of the electrostatic potential for analysis and prediction of 
intermolecular interactions”, Theoretical and Computational Chemistry, Theoretical 
Organic Chemistry (1998), 5, 51-93. Edited by Párkányi, C., Elsevier. 
87 Brinck, T. ”Modified Interaction Properties Function for the Analysis and 
Prediction of Lewis Basicities”, The Journal of Physical Chemistry A (1997), 101, 
3408–3415. 
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bonding88 as well as in biomolecular recognition processes89. It has been less 
useful for characterization of interactions leading to covalent bond formations, 
using it as a sole descriptor for analyzing SEAr reactivity has not proven to be 
a very effective approach.90 This indicates that other interactions than 
electrostatics, such as charge transfer, are likely to be important for 
determining activation energies of SEAr.   
 

4.4.2. Frontier molecular orbitals (FMO)    

In contrast to the molecular electrostatic potential, which depend on all 
occupied orbitals, the FMO theory considers only the highest occupied orbital 
(HOMO) and the lowest unoccupied (LUMO). Fukui pioneered the 
development of this theory and realized that the reactivity between two species 
can be approximated by considering the interactions between the HOMO of 
one species and the LUMO of the other.91 The basis for using FMO for both 
SEAr and SNAr is that both these reaction types have a significant charge 
transfer character and that electrons are most easily transferred from the 
HOMO of the nucleophile to the LUMO of the electrophile. The positional 
reactivity of a compound would thus be determined by the density of the 
HOMO (for SEAr) and of the LUMO (for SNAr) at the different aromatic 
carbons.92 
 
One draw-back of this approach is that the activation energy is determined by 
the TS structure, which is not necessarily reflected in the HOMO or LUMO. 
The electronic environment is changing during the reaction and hence 
perturbing the HOMO/LUMO and shifting their energies and shapes (orbital 
relaxation). Even though the HOMO density has proven to be a more effective 
descriptor of positional reactivity in SEAr reactions than the molecular 
electrostatic potential, it fails to predict the correct ordering for some 

                                                             
88 Riley, K. E., Murray, J. S., Franfrlik, J., Rezac, J., Sola, J., Concha, M., Ramos, F. 
M., Politzer, P.l., ”Halogen Bond Tunability I: The Effects of Aromatic Fluorine 
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Bromine, and Iodine”, Journal of Molecular Modeling (2011), 17, 3309–3318. 
89 Brinck, T., Jin, P., Ma, Y., Murray, J. S., Politzer, P., ”Segmental Analysis of 
Molecular Surface Electrostatic Potentials: Application to Enzyme Inhibition”, 
Journal of Molecular Modeling (2003), 9,  77–83. 
90 "Arene Chemistry: Reaction Mechanisms and Methods for Aromatic Compounds" 
Wiley (2016). Editor Jacques Mortier 
91 Fukui, K., Yonezawa, T.,Shingu, H. ”A Molecular Orbital Theory of Reactivity in 
Aromatic Hydrocarbons”, The Journal of Chemical Physics (1952), 20, 722–725. 
92 Fukui, K., Yonezawa, T., Nagata, C., Shingu, H., ”Molecular Orbital Theory of 
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seemingly trivial cases such as cyanobenzene and benzaldehyde.93 This failure 
can be traced back to the involvement of additional π-orbitals in the reaction.      
 

4.4.3. Average local ionization energy   

The average local ionization energy, I(r), 94 is another orbital based descriptor 
and it is rigorously defined within the frameworks of Hartree-Fock theory and 
Kohn-Sham DFT by 
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εi is the energy and ρi the density of orbital i and ρ(r) is the total electron 
density at position r. Within Koopman´s theorem (neglecting orbital 
relaxation) I(r) can be interpreted as the average energy needed to ionize an 
electron at a point r in the space of a molecule. Local minima computed on a 
molecular isodensity surface [IS,min(r)] are indicative of the positions with the 
least tightly bound electrons and correlate with a molecules electron donating 
abilities. In contrast to V(r), I(r) also reflects a molecules tendency for charge 
transfer and polarization interactions, and it is probably the most effective 
single reactivity descriptor for SEAr reactions. Brown and Cockroft 
investigated this approach by successfully correlating these minima to 
experimentally determined reactivity patterns for many aromatic molecules.95  
 

4.4.4. Local electron attachment energy 

As I(r) has turned out to be a very valuable descriptor for nucleophilic 
substrates, scientists have tried to develop a corresponding descriptor for 
electrophilic substrates. This would mean a measure of local electron affinity 
that can account for the virtual orbitals´ combined ability to accept electrons. 
One such descriptor that has been proposed is96 

                                                             
93 W. Langenaeker, W.; Demel, K.; Geerlings, P. ”Quantum-chemical study of the 
Fukui function as a reactivity index”, Journal of Molecular Structure: THEOCHEM 
(1991), 234, 329–342. 
94 Sjoberg, P., Murray, J. S., Brinck, T., Politzer. P., ”Average local ionization 
energies on the molecular surfaces of aromatic systems as guides to chemical 
reactivity”, Canadian Journal of Chemistry (1990), 68, 1440–1443. 
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where “norbs” is short for the total number of orbitals. A large surplus of all 
virtual orbitals corresponds to energies above the energy of a free electron, 
and will not bind an electron. In addition, this descriptor is based on the use 
of a minimal basis set. 
 
There is obviously a need to define the used virtual orbitals in a way that 
avoids the inclusion of redundant or malign orbitals which are not likely to 
affect real reactivity, while being able to use basis sets of a reasonable size. 
One way to do this, suggested by T. Brinck, is to include only negative virtual 
orbitals (orbitals that correspond to energies below that of a free electron) in 
the summation, that is 
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Brinck and coworkers have shown that E(r) computed on a molecular 
isodensity surface [ES(r)] give good to excellent performance for several 
reaction types (including SNAr).97   
 

4.5. Non-Quantum chemical methods  

There are also numerous non-QM methods within the realm of QSAR 
(Quantitative Structure Activity Relationships), where experimentally known 
or calculated properties are fitted to observed reactivities. In order for these 
models to be predictive, the new compounds need to be similar in structure 
and electronic configuration to those used in the parametrization. This limits 
their applicability in the development of molecules with novel properties, such 
as in drug design.  
 
Many rules have been formed based on empirical observation. One is the 
ortho, meta and para directing effects in aromatic substitution reactions. 
Another is the Hammett-Taft linear free-energy relationships where 
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experimental relative reactivity data are linked to the inductive and mesomeric 
effects of a compound (combined in the σ constant).98  
 
Another type of approach is based on the correlation of local reactivity with 
spectroscopic measures. One example is the correlation between local 
reactivity in SEAr reactions and the hyperfine coupling constant obtained from 
electron spin resonance (ESR) spectra.99 Another is the use of 13C-NMR shift 
of the aromatic ring carbons in predicting local reactivity in nucleophilic 
substitution with 18F fluorination.100 
 
A different way of estimating reactivity and the influence of functional groups 
is to use the huge universe of chemical information from modern chemical 
databases. One approach is to give the reactivity rules explicitly to the 
software and then use literature data as a source for the software to extract 
valuable chemical information (expert systems).101 Another is to let the 
software form the reactivity rules implicitly, from examples, by a learning 
procedure (artificial neural networks).102  
 

PART II 
5. Quantum chemical characterization of 

aromatic substitution in vacuo and in 
solution  

In this chapter I will present original results regarding the mechanism of 
aromatic substitutions. The results presented here constitute a summary from 
paper (V) and (VI) (SEAr) and from paper (III) and (IV) (SNAr). 
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Mechanisms, and Structure (2007), John Wiley. 
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between the properties of radical cations and the rate constants and the substitution 
patterns in electrophilic aromatic substitution”, Tetrahedron (1973), 29, 579–584. 
100 Rengan, R., Chakraborty, P. K., Kilbourn, M. R. ”Can We Predict Reactivity for 
Aromatic Nucleophilic Substitution with [18F]fluoride Ion?”, Journal of Labelled 
Compounds and Radiopharmaceuticals (1993), 33, 563–572. 
101 Soh, S., Wei, Y., Kowalczyk, B., Gothard, C. M., Baytekin, B., Gothard, N., 
Grzybowski, B. A., ”Estimating Chemical Reactivity and Cross-Influence from 
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5.1. SEAr 
As we have seen in the first chapter, the mechanisms of SEAr reactions, 
especially nitrations, have been extensively studied by computational 
quantum chemistry. Contrary to other studies I have applied a full 
computational procedure on a congeneric series of non-catalyzed 
monosubstituted benzenes. An advantage with this procedure, compared to 
just performing calculations on benzene, is that it opens an interesting 
possibility to compare structures and energetics with additional experimental 
kinetic data. 
 

5.1.1. Nitration  

Both in activated and deactivated cases the nitration reaction proceeds via the 
formation of two consecutive π-complexes before the appearance of the σ-
complex. The first structure is an unoriented π-complex (I) where one of the 
oxygens on the linear nitronium ion is coordinated to the aromatic ring center. 
The second π-complex (II) is oriented and has the N-atom of the nitronium 
ion coordinated to one of the ring C-atoms, and the third is the classical σ-
complex (III). 
 

 

Figure 6. Structures of stationary points in the gas phase nitration of benzene 
optimized at the M06-2X/6-311G(d,p) level. Structure (I), (II), (III) are 
designated the same way in the text. TSpre and TS1 are the transition state 
structures for the forming of structure (II) and (III) respectively. Bond lengths 
in Angstroms and bond angles in degrees. Adapted with permission from 
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Brinck, T.; Liljenberg, M. (2015), in Arene Chemistry: Reaction Mechanisms 
and Methods for Aromatic Compounds (ed Mortier J.) © 2015 John Wiley & 
Sons, Inc, Hoboken, NJ. 
 
When comparing the structures of the nitration of benzene in the gas phase 
(Figure 6) with the corresponding ones in solution (Figure 7), we see that the 
stationary points are essentially of the same type, but their detailed geometries 
are different.  
Consistently for all the structures before the σ-complex is that the in vacuo 
structures have a shorter distance between the nitronium ion and the aromatic 
ring than the corresponding solvent structures. This is most accentuated for 
the second π-complex (II) and for the transition state leading to the σ-complex 
(TS1). The short C-N distance in the second π-complex in the gas phase 
indicates a strong interaction and a significant degree of charge transfer, while 
the corresponding structure in solution can be viewed as a weak cation-
molecule complex trapped in a solvent cage. The transition state leading to the 
σ-complex in the gas phase resembles the σ-complex to a much larger degree 
than the corresponding structures in solution; the transition state in solution is 
early and shows very little resemblance to the σ-complex.  

 

Figure 7. Structures of stationary points for nitration of benzene in aqueous 
solution optimized at the PCM-M06-2X/6-311G(d,p) level. Structure (I), (II), 
(III) are designated the same way in the text. TSpre and TS1 are the transition 
state structures for the forming of structure (II) and (III) respectively. Bond 
lengths in Angstroms and bond angles in degrees. Adapted with permission 
from Brinck, T.; Liljenberg, M. (2015), in Arene Chemistry: Reaction 
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Mechanisms and Methods for Aromatic Compounds (ed Mortier J.) © 2015 
John Wiley & Sons, Inc, Hoboken, NJ. 
 
If we compare the energetic between the stationary points of the free energy 
surface (PES) in gas phase and in solution we see even greater differences, 
Figure 8 and 9. In the gas phase, formation of the first ring-centered π-complex 
from the free reactants and then the formation of the second π-complex and 
on to the σ-complex are all exothermic and nearly barrier-less processes. The 
initial step in vacuo is exergonic by almost 9 kcal/mol whereas the same 
process in aqueous solution is endergonic by 3.4 kcal/mol. In water the TS for 
forming the σ-complex has an equally high energy barrier and its energy is 
much closer to that of the second π-complex than that of the σ-complex. This 
is in good agreement with early proposals by Olah, which he based on the 
kinetics of nitrations and stability data for π- and σ-complexes for arenes.103 
 

 

Figure 8. The free energy surface of the stationary points on the PES for the 
gas phase nitration of benzene computed at the M06-2X/6-311G(d,p) level. 

                                                             
103 Olah, G. A. ”Aromatic substitution. XXVIII. Mechanism of electrophilic aromatic 
substitutions”. Accounts of chemical research (1971), 4, 240-248. 
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Included in italics is the corresponding point group symmetry. Free energies 
without symmetry corrections are given in parenthesis.  
 
In gas phase the last step in the reaction, the deprotonation of the σ-complex, 
is a slow process that can include intramolecular transfer of the proton to 
oxygen as well as initial transfer to a nearby carbon.104,105  

 

Figure 9. The free energies of the stationary points on the PES for the nitration 
of benzene in aqueous solution computed at the M06-2X/6-311G(d,p) level 
using PCM to account for solvation effects. Included in italics is the 
corresponding point group symmetry. Free energies without symmetry 
corrections are given in parenthesis.  
 

                                                             
104 Xu, X. F., Zilberg, S., Haas, Y. ”Electrophilic Aromatic Substitution: The Role of 
Electronically Excited States" Journal of Physical Chemistry A (2010), 114, 4924-
4933. 
105 Parker, V. D., Kar, T., Bethell, D. ”The Polar Mechanism for the Nitration of 
Benzene with Nitronium Ion: Ab Initio Structures of Intermediates and Transition 
States”, Journal of Organic Chemistry (2013), 78, 9522–9525. 
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Figure 10. Some para isomer structures for the nitration of phenol. The σ-
complex, with and without an explicit water molecule, and the TS2, the 
expulsion of the proton. Bond lengths in Angstroms and bond angles in 
degrees. 
 
We have not pursued such investigations since they are of little relevance for 
solution chemistry. Instead, we have calculated the deprotonation in the 
nitration of phenol in solution by including one explicit water molecule 
combined with PCM (Figure 10). Our results show that water can act as a base 
and deprotonate phenol in a nearly barrierless process (1-2 kcal/mol). Thus, it 
is necessary to take the effect of the solvent into consideration to obtain a 
correct representation of the electronic configuration.       
Our results are in full accordance with the Bell-Evans-Polyani principle or 
Hammond postulate in that the transition state for forming the σ-complex 
comes much earlier for phenol than for chloro benzene or benzene. In fact, the 
rate-determining transition state for the ortho and para positions in phenol is 
the formation of the reaction complex (II), while it is the formation of the σ-
complex for chloro benzene and for the meta position in phenol.    
 
To evaluate to what extent the phenol nitration reaction could be expected to 
run per a single electron transfer (SET) type mechanism, in line with the 
findings of de Queiroz106 or Gwaltney107, we optimized all the stationary 
points on the PES with the M06-2X unrestricted spin scheme, and investigated 
them for the degree of singlet diradical character. This was done by looking 
at the value of the spin operator (<S2>), and it was found to be zero in all 
cases. So even though there appears to be a consensus that some degree of 

                                                             
106  de Queiroz, J. F., Carneiro, J. W., Sabino, A. A., Sparrapan, R., Eberlin, M. N., 
Esteves, P. M., ”Electrophilic Aromatic Nitration:  Understanding Its Mechanism and 
Substituent Effects”, Journal of Organic Chemistry (2006), 71, 6192–6203. 
107 Gwaltney, S. R., Rosokha, S. V., Head-Gordon, M., Kochi, J. K., ”Charge-
Transfer Mechanism for Electrophilic Aromatic Nitration and Nitrosation via the 
Convergence of (ab Initio) Molecular-Orbital and Marcus−Hush Theories with 
Experiments”, Journal of the American Chemical Society (2003), 125, 3273-3283. 
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SET is present in nitrations and that this is most prominent for activated 
aromatics, it is an observation specific to gas phase conditions. The reaction 
in solution lacks the driving force for SET and we conclude that the polar 
(Ingold-Hughes) mechanism is predominating here. 
 

5.1.2. Halogenation  

The putative mechanism for aromatic halogenations is like that of nitrations, 
but unlike nitrations there is no commonly identified active electrophile. We 
have chosen to study halogenation with molecular chlorine and bromine (Cl2 
and Br2) and with I+, primarily because these electrophiles offer the best 
experimental reactivity data and because there is little evidence for the 
formation of free Cl+ in solution.  
 

5.1.2.1. Chlorination  

 

Figure 11. Structures of stationary points for chlorination of the para position 
of anisole in aqueous solution optimized at the PCM-M06-2X/6-311G(d,p) 
level. Bond lengths are in Ångstroms and bond angles in degrees. 
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The mechanism of chlorination is different from nitrations insofar that the 
uncatalyzed halogenation with Cl2 as the electrophile starts with a C-atom 
coordinated p-complex before the formation of the s-complex. Contrary to 
nitrations, the p-complex in solution is similar to the corresponding gas phase 
structure, which is not very surprising considering that it is a complex between 
two neutral molecules. In solution, the s-complex has a Cl-Cl bond that is 
nearly dissociated, with a Cl-Cl distance of 3.3 Å. The structure can essentially 
be viewed as an arenium ion with a Cl- coordinated to the Cl substituent. The 
rate-determining transition state (TS1) is similar in structure to the s-complex. 
Figure 11 shows the structures of the stationary points in the chlorination of 
the activated structure anisole (PhOMe). Considering the structure of the s-
complex, it does not seem likely that the Cl- formed from the attacking Cl2 
will tilt down and serve as base in the deprotonation of the arenium ion, and 
we were not able to locate an arenium ion where the Cl- is coordinated to the 
leaving H+. All attempts to optimize such a structure resulted in barrier-free 
proton abstraction and the formation of HCl that dissociated from the anisole. 
Deprotonation of the s-complex is easily facilitated even by a weak base such 
as water, but unlike nitrations this proceeds by a two-step mechanism, where 
the Cl- formed from the electrophile leave before the proton is abstracted. We 
could not locate the TS for this first step in the expulsion process, but it can 
be expected to be virtually barrier-free. The barrier for the abstraction of the 
proton is like that of nitration (1-2 kcal/mol). 
 

5.1.2.2. Bromination 

Both the reaction rate and positional selectivity of bromination are strongly 
substituent dependent, and this has been an indication of a late transition state 
that resembles the σ-complex in energy and structure. We have compared the 
bromination of anisole (PhOMe) with Br2 with the corresponding chlorination 
with Cl2 and our results confirm that the formation of the σ-complex is the 
rate determining step in both bromination and in chlorination. This rate-
determining transition state comes much later along the reaction coordinate 
for Br2, and thus resembles the σ-complex more closely in both energy and 
structure than for Cl2. Calculations at the PCM-M06-2X/6-311G(d,p) level 
give an energy difference between TS1 and the σ-complex of 1.4 kcal/mol for 
Br2 and 14.5 kcal/mol for Cl2. The corresponding difference in the Br/Cl-para-
carbon distance is 0.11Å/0.41Å. 
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Figure 12. Structures of some stationary points for bromination of the para 
position of anisole in aqueous solution optimized at the PCM-M06-2X/6-
311G(d,p) level. Bond lengths are in Ångstroms and bond angles in degrees.  
 
Thus, the bond between Br and the para carbon is more completely formed in 
this transition state and there is a more substantial positive charge (determined 
by Mulliken charges) present on the ring than in the corresponding Cl case. 
Figure 12 shows the structure of the stationary points in the bromination of 
anisole. Compare with the corresponding Cl2 structures in Figure 11.  
 

 

Figure 13. Structure of the Br2 and benzene π-complex in aqueous solution 
optimized at the PCM-M06-2X/6-311G(d,p) level. Bond lengths are in 
Ångstroms and bond angles in degrees. 
 
The structure of the 1:1 Br2 and benzene complex (π-complex) has been 
determined experimentally by X-ray crystal structural analysis at -150 ˚C.108 
All the π-complexes from our calculations have similar geometries, and the 
calculated structure of this specific π-complex have an almost identical 
structure to the one determined experimentally (Figure 13). Note the 
orientation (η2 hapticity) of the complex. 
                                                             
108 Lindeman, V., Kochi, J. K., ”Molecular Structures of the Metastable Charge-
Transfer Complexes of Benzene (and Toluene) with Bromine as the Pre-Reactive 
Intermediates in Electrophilic Aromatic Bromination”. New Journal of Chemistry 
(2002), 26, 582-592. 
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5.1.2.3. Iodination 

An interesting feature about iodination of aromatic systems is that they often 
possess a significant hydrogen kinetic isotope effect (KIE), with measured 
deuterium isotope effects (kH/kD) typically in the range 1.5 - 4.5109,110, 
indicating that the effect is primary. This is in sharp contrast to most other 
SEAr reactions including nitrations, chlorinations and brominations, where 
such an effect is absent. The iodination reaction can schematically be 
represented as in Figure 14. 

 

Figure 14. Mechanism of SEAr iodination. 

The experimentally determined KIE for the iodination of anisole (PhOMe)111 
and phenol (PhOH)112  is 3.8 and 4.0 respectively. We have calculated the 
barrier height for the deprotonation of these reactions by using the same 
technique and theoretical level as for nitration and chlorination, and we found 
it to be higher by a factor 3-5. Our calculations gave a theoretical kH/kD ratio 
of 5.0 and 5.4 for anisole and phenol respectively. As the magnitude of the 
KIE is sensitive to the structure of the transition state, it can be used to probe 
the relevance of the TS2´s we have modeled (Figure 15). They were evaluated 
regarding linearity and asymmetry.  
Unfortunately, I could not localize the transition state for the formation of the 
σ-complex, and was thus unable to conclusively determine if the 
deprotonation step in these iodinations is the rate-determining one. However, 
the relevance of the general structure of the calculated TS2´s (linearity and 
asymmetry) together with the height of these energy barriers theoretically 
support the putative assumption that the deprotonation of 4-iodo-anisole and 
4-iodo-phenol is at least partly rate-determining. 
                                                             
109 Grovenstein, E., Aprahamian, N. Z., ”Aromatic Halogenation. II. The Kinetics 
and Mechanism of Iodination of 4-Nitrophenol and 4-Nitrophenol-2,6-d2”, Journal 
of the American Chemical Society (1962), 84, 212–220. 
110 Finn Radner, ”Lower nitrogen oxide species as catalysts in a convenient 
procedure for the iodination of aromatic compounds”, The Journal of Organic 
Chemistry (1988), 53, 3548–3553. 
111 Berliner, E. ”The Iodination of 2,4,6-Trideuterioanisole by Iodine 
Monochloride1”, Journal of the American Chemical Society (1960), 82, 5435–5438.  
112 Grovenstein, E., Kilby, D. C. ”Kinetic isotope effect in the iodination of 2,4,6-
trideuerophenol", Journal of the American Chemical Society (1957), 79, 2972–2973. 
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Figure 15. Structures of TS2 for iodination of the para position of anisole and 
phenol in aqueous solution optimized at the PCM-M06-2X/6-311G(d,p) level. 
Bond lengths are in Ångstroms and bond angles in degrees. 
 
 

5.2. SNAr  

Nucleophilic aromatic substitution can proceed via several different 
mechanisms, but our investigations has been limited to the addition-
elimination mechanism, commonly known as SNAr, which by far is the most 
important mechanism for nucleophilic aromatic substitution. 
 

5.2.1. Anionic nucleophiles  

As mentioned in section 2.2 a few workgroups have, based on theoretical 
investigations, reached the conclusion that SNAr reactions with F- as leaving 
group follows a stepwise mechanistic pathway, but a concerted manner if the 
leaving group is Cl-. The exception is when the chloro-substrate is highly 
stabilized, for example with several nitro-groups, in which case the chloro-σ-
complex can be found computationally. We have seen the same picture in our 
calculations and we note that the absolute majority of the substrates we 
investigated with Cl-/HCl or Br¯/HBr as leaving group lack bulky electron 
withdrawing groups capable of stabilizing the potential σ-complex 
intermediate through resonance delocalization. Thus, they fulfil the theoretical 
provisions for a concerted pathway described in chapter 2.1. I have used the 
concerted TS to investigate if it can be used to reproduce the observed local 
reactivity in several cases. I found that this approach gives an accuracy in 
terms of mean absolute deviation (MAD) of less than 1 kcal/mol both for Cl¯ 
and Br¯ as well as for HCl and HBr as leaving groups. This is a further 
indication that the SNAr reaction follows a concerted mechanism with these 
leaving groups. 
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5.2.2. Neutral nucleophiles  

I have examined the reaction between ammonia and pentafluoro-pyridine 
more closely and investigated the transition state leading to the σ-complex 
(TS1), the σ-complex and the transition state for the departure of F- (TS2) both 
at the PCM-B3LYP/6-31+G(d,p) and at the PCM-M06-2X/6-31+G(d,p) level. 
We saw large differences for the relative energies between these functionals. 
TS2 is rate-determining with the M06-2X functional and lies 4.6 kcal/mol 
higher in energy than the σ-complex, while the energy landscape between the 
three stationary points with B3LYP is very flat near the σ-complex and has 
TS1 as the rate-determining transition state (laying 2.2 kcal/mol over the σ-
complex). Based on these results we cannot make any conclusive statement 
regarding whether TS1 or TS2 is rate-determining for SNAr with F as leaving 
group; it may in fact differ depending upon the nucleophile and the substrate. 
These results are in line with the experimental mechanistic investigations 
presented in section 2.1. 
 
By using IRC calculations, we have further shown that F leaves as F- without 
the assistance of explicit hydrogen bonds from the NH2-group, and that the 
proton transfer to form HF takes place late in the reaction step going from the 
σ-complex via TS2 to the products. 
 
6. Predictive reactivity methods for aromatic 

substitution reactions based on transition 
states and on the reaction intermediate 
approximation 

In this chapter I will present original results regarding local and global 
reactivity for aromatic substitution reactions based on transition states and on 
the reaction intermediate approaches. The results presented constitute a 
summary from paper (I), (V) and (VI) (SEAr) and from paper (II), (III) and 
(IV) (SNAr). The performance of these two approaches are compared to each 
other and to the, in my opinion, best ground-state reactivity descriptors for 
SEAr and SNAr respectively; the average local ionization energy IS(r) (paper 
I) and the local electron attachment energy ES(r) (other authors). 
 
All the approaches are principally described in chapter 4. I have used the σ-
complex as the reaction intermediate both for SEAr and SNAr reactions. This 
approach involves a number of assumptions; first that the reaction is 
kinetically controlled and that the formation of the σ-complex is the rate-
determining step. Second, that the energy differences between the isomeric 
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transition states of the rate-determining step (local reactivity)/the energy 
differences between this transition state and the reactants (global reactivity) 
can be approximated with the energy differences using the corresponding 
intermediate σ-complexes. This assumption is linked to the applicability of 
the Bell-Evans-Polyani principle (that for similar reactions, the more 
exothermic (endothermic) reaction will have the lower (higher) activation 
energy) and to the Hammond postulate (that the transition state is more similar 
in structure to the species, reactant or product, to which it is more similar in 
energy).  
 
The way we applied the reaction intermediate (or σ-complex) approach is as 
follows. First the geometries of each possible σ-complex (without coordinated 
catalysts, promoters or counterions) are optimized, either in the gas phase or 
within a continuum solvent model, using DFT with the functional B3LYP or 
M06-2X. We have not invoked any systematic conformational searches in our 
approach. Second, if the structures were optimized in vacuo, the resulting 
structures are used as input files for an aposteriori solvent calculation with a 
continuum model. If global reactivity is desired an additional optimization of 
the reactants must be done. Third, the distribution of isomers is determined by 
the energy differences between the isomeric σ-complexes via a Boltzmann 
distribution (local reactivity); the relative reactivity between different 
substrates is calculated from the energy differences between σ-complexes and 
the reactants (global reactivity). If only gas phase optimizations with 
electronic energies are performed, there are two additional assumption 
invoked: first that the relaxation of the structures upon solvation is similar for 
the series of structures under investigation and that this effect therefore 
cancels out. Second, that the entropy terms are very similar and that these 
terms (TΔS) also cancel out (ΔΔG≈ΔΔE).      
 
To investigate kinetic versus thermodynamic control we calculated the 
relative energies of some selected final products. They showed no correlation 
to the experimentally observed regioisomeric ratios, and thus support our 
assumption of kinetic control. 
 

6.1. SEAr reactions  

The transition state approach for nitrations  
In order to evaluate the accuracy of reactivity estimations from a full transition 
state search we performed calculations at the PCM-M06-2X/6-311G(d,p) 
level of the rate-determining TS of all the isomers in a series of five 
monosubstituted benzenes, PhX (X=OH, Cl, Br, CHO and CN) and compared 
the results with experimentally reported isomer distributions. As mentioned 
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in the previous chapter, the rate-determining TS for the most activated case 
(phenol) was not the one leading to the σ-, but to the second π-complex. The 
experimental isomer ratios were recalculated to energy differences. To adjust 
for degenerate positions in paper (V) and (VI), the calculations of the Gibbs 
free energy were symmetry corrected. In paper (I)-(IV) this correction was 
performed on the energies derived from the experimental isomer ratios. The 
actual experimental reaction temperature was always used in the calculations. 
The precision of this approach for local reactivity evaluated in terms of mean 
absolute deviation (MAD) is in the range 0.1-1.1 kcal/mol. It is interesting, 
but certainly not surprising to note that it is essential to take solvent effects 
into account to obtain results with this accuracy. 
 
We also investigated the possibility of extending this approach to global 
reactivity but unfortunately we could not find experimental kinetic data run 
under comparable reaction conditions to make a quantitative correlation 
possible. The transition state free energy barrier values correlate only weakly 
with tabulated Hammett constants (σm/σp), with a correlation coefficient of 
R2=0.87. 
 
The transition state approach for halogenations 
The corresponding evaluation for the chlorination with Cl2, also at the PCM-
M06-2X/6-311G(d,p) level of theory, was performed for a series of six 
monosubstituted benzenes, PhX (X=OMe, Me, F, Cl, CF3 and CN). The 
precision for local reactivity given as mean absolute deviation was in the range 
0.1-0.7 kcal/mol. By relating the energy barriers to that of benzene and 
comparing the relative reactivity with the experimental values we could also 
obtain an estimate of the accuracy (absolute deviation) for global reactivity. It 
was found to be 0.1-1.9 kcal/mol for the series PhX (X=OMe, Me, F, Cl).  
 
As for nitrations, the transition state approach at this level of theory is fully 
sufficient to obtain chemical accuracy, and there is no need to take dynamical 
effects (reaction trajectories) into consideration. Nor is it necessary to allow 
for any radical character in the transition state species. 
 
The σ-complex approach for nitrations   
I have investigated five monosubstituted benzenes, PhX (X=OH, Cl, Br, CHO 
and CN) at the PCM-M06-2X/6-311G(d,p) level as well as four 
monosubstituted benzenes PhX (X=Me, Cl, CHO, CN) and two sterically 
hindered pyridines at the B3LYP/6-31G(d,p) level with aposteriori energy 
correction in a continuum model and finally quinoline at the PCM-B3LYP/6-
31G(d,p) level. The relative σ-complex energies are directly compared with 
relative isomeric transition state energies obtained from experimental 
regioselectivities. In general, it can be said that the method failed for 
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nitrations. The energy differences between isomers for the σ-complex were 
far larger than the ones corresponding to the experimentally found isomer 
distribution and the energy for the ortho isomer was too high relative to the 
para/meta isomers, resulting in the amount of the ortho isomer being 
underestimated. The method also predicted too high σ-complex energy for the 
meta isomer in the cases of ortho-para directing substituents. 
 
Considering that the rate-determining transition state of nitrations in solution 
more closely resembles the C-coordinated π-complex than the σ-complex, 
these results are not surprising. If we further investigate the monosubstituted 
benzenes we can see that the distance between the nitrogen of the NO2

+ group 
and the para ring carbon in the rate-determining transition state increases as 
the substituent become more activating, thus indicating that the TS indeed 
comes earlier as the reaction rate increase.  
 
Table 1. Nitration in order of decreasing reactivity. C4-N (para-carbon and 
N) distances, energies and MAD for the σ-complex and TS1 for PhX-NO2 

a if consideration is taken to both TS1 (the TS leading up to the σ-complex) 
and to TSprerc (the TS leading up to the second π-complex). 
b TSprerc 
 
Table 1 gives a summary of the distances between the para-carbon and the N-
atom (C4-N), the difference in free energy between the rate-determining TS 
(TS1) and the σ-complex and how well the σ-complex approach performs in 
terms of MAD.  
 
The earlier this transition state lies along the reaction coordinate, the less can 
it be expected to resemble the σ-complex and thus the worse is the σ-complex 
approach expected to be. Phenol has the earliest TS1 among our investigated 
cases, and it is the case where the rate determining transition state structure is 
furthest away from the corresponding σ-complex structures both in energy and 
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in geometry. Thus, for nitrations the σ-complex approach can never rival 
direct transition state modeling and for activated cases, like phenol or toluene, 
it is useless as predictive indicator. It only gives reasonable predictions for the 
most deactivated nitrations.   
 
I also investigated if the C-coordinated p-complex could be a better model of 
the rate-determining transition state than the σ-complex, as this reaction 
intermediate lies closer to the rate-determining transition states in both 
geometry and energy. However, the energy differences between the isomers 
of the C-coordinated p-complex are rather small and they do not give even a 
qualitatively correct reproduction of the isomer distribution. Thus, neither the 
C-coordinated p-complex nor the σ-complex are suitable as models of the 
rate-determining transition state in aromatic nitrations.  
 
However, as for the transition state approach we investigated if σ-complex 
energy values instead could be used as an indicator of global reactivity. The 
correlation coefficient with tabulated Hammett constants (σm/σp) was much 
better in this case (R2=0.95). The substitution effect on the free energy for σ-
complex formation is much larger than for the activation free energy, and the 
σ-complex energy can be used as an indicator for global reactivity if the 
reactivity of the studied series of compounds span many orders of magnitude. 
 
The σ-complex approach for halogenations   
I have investigated the reactivity of aromatic halogenation by using both Cl2 
as well as Cl+/Br+ as the active electrohile. We used Cl2 in a study of six 
monosubstituted benzenes, PhX (X=OMe, Me, F, Cl, CF3 and CN) at the 
PCM-M06-2X/6-311G(d,p) level. In addition we used Cl+ in a study of three 
monosubstituted benzenes PhX (X=Me, Cl, CN) and six aminopyridines at 
the B3LYP/6-31G(d,p) level with an aposteriori solvent energy correction 
with a continuum model. In addition, three cases of bromination of hetrocyclic 
compounds by modeling the active electrophile with Br+ were also 
investigated at this level. The precision was considerably better than for 
nitrations.  
 
Table 2 shows the corresponding results for chlorination as Table 1 for 
nitrations - the distances between the para-carbon and the N-atom (C4-N), the 
difference in free energy and how well the σ-complex approach performs in 
terms of MAD. The experimental regioselectivities are taken from reactions 
with Cl2 in polar protic solvents at room temperature. The precision in terms 
of MAD for those substrate combinations in the Cl+/Br+ case that has more 
than one observed isomer was an excellent 0.4 kcal/mol. Thus, the σ-complex 
approach is quite useful for halogenations, it can only be said to fail in the 
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most activated cases. In the deactivated cases, it can rival direct transition state 
modeling. Some of the results of table 1 and 2 are illustrated in Figure 16. 
 
 
Table 2. Chlorination with Cl2 in order of decreasing reactivity. Distances 
between Cl and the carbon atom for the most abundant isomer (C4 for 
X=OMe, Me, F, Cl and C3 for X=CF3, CN), energies and MAD for the σ-
complex and TS1 for PhX-Cl2 

 
 
 

 

Figure 16. The accuracy for the TS and the σ-complex approach for SEAr 
nitration and chlorination   
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OMe 2.22 1.81 0.41 14.5 0.7 2.3 
Me 2.10 1.80 0.30 7.7 0.5 1.5 
F 2.06 1.80 0.26 6.8 0.1 1.4 
Cl 2.04 1.80 0.24 5.9 0.3 1.6 
CF3 1.96 1.78 0.18 3.0 0.3 0.4 
CN 1.94 1.78 0.16 2.6 0.5 0.5 
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The σ-complex approach for Friedel-Crafts acylations 
Apart from an aromatic substrate and acyl halid/acid anhydride, Friedel-Crafts 
acylations most often involve a Lewis acid promoter in form of a metal halide, 
like AlCl3. Several species may function as the active electrophile and the 
regioisomeric outcome can be strongly dependent upon the Lewis acid 
promoter (amount, mode of addition etc). This, and the different possible 
conformations of the attacking electrophile, makes Friedel-Crafts acylations 
more difficult to model than nitrations and halogenations. 
 
I examined ten Lewis acid promoted Friedel-Crafts acylations that included 
both heterocyclic and carbocyclic substrates, as well as a few different acyl 
halide electrophiles. The results with the σ-complex approach are erratic and 
the agreement with experiment depends on the reaction conditions. However, 
the method is qualitatively correct, i.e. it predicts the major isomer correctly, 
for experiments in which the Lewis acid concentration was high.  
 
The	ALIE approach for nitrations, halogenations and Friedel-Crafts acylation 
I investigated the capacity of IS(r) (the Average Local Ionization Energy, see 
chapter 4.4.3) for quantitative prediction of local reactivity for these three 
different SEAr reaction types using more than 20 different aromatic substrates. 
In general we found that the differences in IS,min  between different positions 
were around three times larger than the differences in free energy between the 
corresponding transition states. A simple rational for this discrepancy is that 
rearranging the electron density to form a partial bond in a transition state 
requires much less energy than removal of an entire electron from the system. 
Thus, only a fraction of the local ionization energy is likely to contribute to 
the barrier. When the IS,min  values were scaled by 1/3 (i.e. IS,min /3) we were 
able to obtain fairly good quantitative agreement with experimental values for 
halogenations, with MAD in an average of 1.1 kcal/mol. The agreement was 
not as good for nitrations (with MAD in an average of 1.3 kcal/mol), primarily 
because it failed to predict the most reactive site in two systems with bulky 
substituents, where the positions that had the lowest IS,min  values were 
sterically hindered. This is not an observation specific for just the ALIE 
approach, but an inherent limitation of all reactivity descriptors that are based 
on some ground-state property of a substrate. As for the σ-complex approach, 
I(r) did not perform well for Friedel-Craft acylation, illustrating the difficulty 
mentioned in the previous subsection of modeling the reactivity of this SEAr 
reaction subtype.              
 

6.2. SNAr reactions  

In contrast to SEAr reactions, where H+ almost always is the leaving group, 
the type of leaving group is an additional factor to consider in the modeling 
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of the mechanism and reactivity for SNAr reactions. It is convenient to divide 
this section into four parts: anionic nucleophiles with F- as leaving group, 
neutral nucleophiles with HF as leaving group, anionic nucleophiles with Cl- 
or Br- as leaving group and finally neutral nucleophiles with HCl or HBr as 
leaving group  
 
Anionic nucleophiles with F- as leaving group 
To evaluate the accuracy of the σ-complex approach for local reactivity I 
performed calculations on twelve fluorinated heterocyclic and carbocyclic 
compounds. The reactions were chosen to span a wide range of anionic 
nucleophiles (the anions of methanol, benzyl alcohol, azide, hydrogen sulfide 
and methanethiol) and reaction conditions (solvent, reaction temperature, 
base) to obtain an indication of the robustness of the approach. The 
calculations were performed at the B3LYP/6-31G(d,p) level with an 
aposteriori solvent energy correction in a continuum model. The average 
precision for these twelve reactions in terms of MAD improved considerably 
with the aposteriori energy correction for solvent, and is 0.6 kcal/mol. Apart 
from this excellent accuracy, it is also worth noticing that this approach can 
reproduce the experimental observation that the regioisomeric outcome for 
one substrate (hepta-fluoroisoquinoline) change completely when the 
nucleophile is changed from the anion of methanol to the anion of 
hydrosulfide. This is not possible to predict using any of the reactivity 
descriptor models based on a ground-state property of a substrate.  
 
The possibility to extend the σ-complex approach from local to global 
reactivity was examined based on correlations with experimentally 
determined reaction rate constants (spanning more than six orders of 
magnitude) for the methoxylation of a series of ten different 
polychlorofluorobenzenes run under identical conditions, i. e. reaction of the 
substrate and sodium methoxide in methanol at 50 ˚C. The structures were 
optimized at the PCM-B3LYP/6-31G(d,p) level and the correlation 
coefficient was r = 0.96 for the data series, which in this case corresponds to 
a MAD value of 1.1 kcal/mol. Although this application does not give an 
explicit indication of absolute energy barriers, it is quite sufficient for a semi-
quantitative ranking of substrate selectivity (relative reactivity) between 
species that are run under the same reaction conditions.     
 
Neutral nucleophiles with HF as leaving group 
Here I performed calculations on the amination (with ammonia or 
tetramethylguanidine) of six fluorinated heterocyclic and carbocyclic 
compounds. I was unable to optimize the zwitterionic σ-complex structures in 
vacuo, which is not very surprising considering that the energy for separating 
the charges is high without the stabilizing effect of the solvent. The 
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calculations were performed at the PCM-B3LYP/6-31+G(d,p) level and gave 
an average accuracy in terms of MAD of 0.5 kcal/mol. I also calculated the 
transition state of the decomposition step for these structures to see if this was 
an alternative, and it gave the same excellent accuracy as the σ-complex 
approach.    
 
I also examined an extension of the σ-complex approach to global reactivity 
in the same way and at the same level of theory as I did for anionic 
nucleophiles. Two series were chosen, the first series (also spanning more than 
six orders of magnitude) deals with the reaction of ammonia with nine 
different fluorinated heterocyclic substrates run at 25 ̊ C in dioxane/water. The 
second (spanning three orders of magnitude) with seven different carbocyclic 
substrates run at 80 ˚C but otherwise identical conditions as the first series. 
The correlation coefficient was r = 0.99 for the first series and r=0.93 for the 
second (corresponding to a MAD value of 0.5 and 1.4 kcal/mol respectively). 
Experimental kinetic data were given at both 25 ˚C and 80 ˚C for one of the 
heterocyclic substrates, and we tried to include this data point in the second 
series (among the carbocyclic substrates) with retained correlation. However, 
this attempt failed and we conclude that correlations of relative reactivity with 
this approach cannot outright be extended over a substrate space that is too 
diverse.    
 
Anionic nucleophiles with Cl- or Br- as leaving group 
As mentioned in chapter 5 I was not able to find reasonable σ-complex 
structures for any of the polychlorinated or polybrominated substrates we 
investigated, despite having tried optimization by different softwares in 
vacuo, in solvent and by using larger basis sets. We do not rule out that such 
σ-complex structures exist, but the difficulties of finding them without more 
elaborate model systems make the σ-complex approach (at least in its present 
form) unsuitable. Beside Cl and Br, it is likely that the σ-complex approach 
would fail also for substrates with other leaving groups, where the atom 
bonded to the ring is from the third or fourth row in the periodic table, for 
example sulfur leaving groups. 
 
Instead we used the transition state approach, with a TS corresponding to a 
concerted addition/elimination step. Eight substrates (not highly stabilized) 
were included in the investigation, four polychlorinated and four 
polybrominated. The nucleophiles were anion of methanol in seven cases and 
the anion of H2S in one case. The calculations were performed at the PCM-
B3LYP/6-31+G(d,p) level and gave an average accuracy in terms of MAD of 
0.9 kcal/mol.   
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Neutral nucleophiles with HCl or HBr as leaving group 
The situation for this case is similar to the previous one; we were unable to 
find any relevant σ-complex structures and instead used a transition state 
approach. Seven substrates (not highly stabilized) were included in the 
investigation, six polychlorinated and one polybrominated. The nucleophiles 
were various amines and tBuSH in one case. The calculations were also 
performed at the PCM-B3LYP/6-31+G(d,p) level and gave an average 
accuracy in terms of MAD of 0.7 kcal/mol. In the same way, as for F- as 
leaving group we have here an example where this approach could reproduce 
the experimental observation that the regioisomeric outcome for one substrate 
(pentachloro-pyridine) changed completely when the nucleophile was 
changed from ammonia to HNEt2.   
 
The performance of the investigated methods for our four different SNAr 
cases, measured as MAD, is summarized in Table 3. Using the transition state 
or the σ-complex approach at this level of theory is fully sufficient to obtain 
chemical accuracy, and there is no need to take dynamical effects (reaction 
trajectories) into consideration. In contrast to SEAr reactions we have not seen 
that the accuracy of the σ-complex method is dependent on the reactivity of 
the system.  
 
Table 3. Accuracy of the methods for local reactivity in terms of average 
MAD value. 

aStructure optimized in vacuo. bStructure optimized in solvent. 

 No. of 
reactions 

Average MAD 
[kcal/mol] in 
vacuo  

Average MAD 
[kcal/mol] in 
solvent  

Anionic nucleophiles with F- as leaving group 
σ-complex appr. 12 1.0a 0.6a 
	    
Neutral nucleophiles with HF as leaving group 
σ-complex 
approach 

6 2.2b 0.5b 

TS approach 
(TS2) 

6 2.5a 0.6a 

    
Anionic nucleophiles with Cl-/Br- as leaving group 
σ-complex appr.  Not applicable Not applicable 
TS approach 8 2.3b 0.9b 
    
Neutral nucleophiles with HCl/HBr as leaving group 
σ-complex appr.  Not applicable Not applicable 
TS approach 8 1.1b 0.7b 
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The local electron attachment energy (ES(r)) for SNAr reactions 
I have not performed any work with this electrophilicity descriptor, but I 
include it in this subsection because it mirrors the results obtained for its 
nucleophilicity counterpart IS(r) (chapter 4.4.3) in a very instructive way. In a 
recent paper Stenlid and Brinck113 have shown that ES(r) (chapter 4.4.4) 
outperforms the electrostatic potential VS(r) (chapter 4.4.1) and the LUMO 
energy (chapter 4.4.2) as reactivity descriptor. The performance was also 
compared with the TS and with the σ-complex approaches. ES(r) values were 
correlated to experimental rate constants for the reaction between piperidine 
(which also acted as solvent) and a series of 13 different 1-bromo-4-R-2-
nitrobenzenes. Owing to the very good leaving group and to the absence of a 
potentially highly stabilized intermediate a concerted mechanism was 
anticipated. There are good reasons to believe that ES(r) would be successful 
for this congeneric set of substances; the TS can be expected to be relatively 
early and thus structurally close to the ground-state geometry. In addition, the 
steric variations at the reacting site must be considered minimal within this 
series. Excellent correlations were indeed found and, as in my investigations, 
they improved considerably by the inclusion of solvent effects through a PCM 
model. The performance was in fact better than from a calculation of the 
transition state energies, a result which the authors attributed to a need to 
model solvent effects explicitly for this specific series.  
 
ES(r) values were also correlated to experimental rate constants for a number 
of reaction series with F/HF as leaving group, several of which were identical 
to the ones used by me (paper IV) in a study of the σ-complex approach. The 
ES(r) values did not reach the same level of correlation, neither as the series 
with the bromine leaving group nor as the σ-complex approach. The reason is 
probably because the rate-determining TS is late and because the steric 
variations at the relevant reaction sites were far larger.       
 

7. Some applications of the reaction 
intermediate approach from medicinal 
research  

This chapter is intended to describe some possible applications of the 
predictive reactivity models that I investigate in this thesis. In part, they have 
already been implemented. A specific protocol currently used by the 

                                                             
113 Halldin Stenlid, J., Brinck, T. ”Nucleophilic Aromatic Substitution Reactions 
Described by the Local Electron Attachment Energy” Journal of Organic Chemistry 
(2017), 82, 3072-3083. 
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pharmaceutical company AstraZeneca has been inspired by the ideas 
investigated in this thesis. It concerns auto oxidation reactions and is a part of 
their research within the field of predictive science. The stability of all 
possible radical intermediates of this reaction is calculated and their energies 
correlate very well with the hydrogen being oxidized. The procedure has been 
scripted to such an extent that the only thing required by the synthetic chemist 
is to draw the requested molecules on a graphical interface. To put these 
applications in their context, a brief background on some procedures within 
medicinal research follows.  
 
The normal drug discovery process starts with identifying new hits (the “target 
validation” process), then enhancing molecule binding affinity (the “hit-to 
lead” or “lead identification” process), then optimization of 
bioavailability/metabolic stability e t c (the “lead optimization” process) and 
finally to the selection of a new candidate drug. Computational chemistry is 
now routinely used during all these stages of the discovery process, and later 
in the development process. Important applications include identifying new 
hits, predictions of drug absorption, distribution, metabolism, excretion and 
toxicity (ADMET), predictions of reactivity, stereoselectivity and catalysis of 
chemical reactions as well as predictions of solid form and solid state 
properties for crystallization and for prediction of physical/chemical 
properties (solubility, pKa, explosivity etc). Even though high throughput 
screening and other similar experimental techniques is becoming ever 
increasingly efficient, there is a great need to limit the number of substances 
and reactions that are tested experimentally. Efficient and accurate in silico 
methods that could be used in this selection process would thus be highly 
valuable. The screening processes typically funnel down the number of 
possible options by means of virtual filtering, and typically ends up with a few 
alternatives that are actually tested and developed further experimentally.  
 
The original reason for this work was to investigate whether it was possible to 
develop a predictive reactivity model that could combine high throughput with 
quantitative accuracy. This need stems from a necessary requirement in 
medicinal research; a predictive reactivity model that can reasonably handle a 
large body of input structures with an at least semi-quantitative accuracy. Two 
applications of such a predictive reactivity model will be discussed below, the 
first concern the possibility to synthesize the many enumerated chemical 
variants of an interesting core structure, the second to evaluate the numerous 
theoretically possible synthetic routes to a target molecule (e. g. a candidate 
drug). Both applications require that the selected reactivity models have been 
calibrated with respect to the trade-off between accuracy and throughput.  
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However, before we dwell on a description of these two applications, we will 
start by elaborating somewhat on the requirements on predictive reactivity 
models in medicinal research. 
 
 

7.1. Requirements on predictive reactivity 
methods in medicinal research  

The need to run large substance libraries through the virtual screening 
procedures and the need for the predictions to be more than qualitatively 
correct has set a few boundary conditions or guiding principles for the 
predictive reactivity models used in medicinal research: 
 

1) Generality. The ideal method should be applicable on as large a 
reactant space as possible. At the very minimum, it should at least 
not depend on previously determined experimental results for the 
specific, narrow subset of reactants presently under study. This is 
especially valid in the context of medicinal research, since they by 
nature often treat parts of the chemical universe where there is little 
or no experimental data. 

2) Accuracy. The predictive models developed should have an accuracy 
high enough for the medicinal chemist to be able to judge if a reaction 
is suitable or not for further investigations. From a regioselectivity 
perspective for example, this mean that it is not sufficient to be able 
to predict the probable main site for electrophilic or nucleophilic 
attack; a reaction that is likely to give a (hard to separate) mixture of 
isomers would also be very advantageous to sort away for the coming 
process. On the other hand, there is of little value to know if a 
regioisomeric mixture of two isomers for a reaction is likely to be a 
70/30 or a 60/40 mixture, if the purpose only is to let it pass or be 
stuck in a virtual screening procedure. 

3) Throughput. The procedures or models chosen must also allow for 
efficient and fast throughput of many input structures.  

4) Robustness. It would be a great advantage if the procedures 
suggested could be scripted and the computations could be 
performed automatically as “black box” calculations, with the input 
being large substance libraries. To this end it would be advantageous 
if one could choose relevant structures on the potential energy 
surface that have large convergence radii for default starting 
structures, i.e. where the geometry optimization is insensitive to the 
exact starting geometry. It is also an advantage if the procedure did 
not require a highly trained computational chemistry expert to 
perform the calculations, but if it was within reach to, for example, a 
synthetic chemist.     
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Many of the descriptor based reactivity methods are fast and robust, thus they 
often fulfill the requirements 3) – 4) above. However, they are often weaker 
in generality, and inherent in them is a poorer accuracy since they do not take 
the relevant TS or its solvation into account. Thus, they fail the requirements 
1) – 2). In contrast, more elaborate TS based methods can often give quite 
accurate results and this approach has also a larger generality, but they fail 
requirement 3) – 4) above. Consequently, there is a need for predictive 
reactivity strategies that can strike a balance between these conflicting 
requirements.  
 

7.2. Application 1 – The enumeration process 

The first application comes early in the discovery process, when an interesting 
core structure has been found. Both in the hit-to-lead and in the lead 
optimization processes it is common to generate a very large number of 
molecular structures that share some common chemical feature or core 
structure, commonly called scaffold, by combining the scaffold at defined 
points of diversity with the many available diversity reagents. This process is 
called enumeration114 and is done to choose the most active or the most 
appropriate structures – a process that will finally lead to the selection of a 
candidate drug. There exist several softwares to assist in this process, for 
example BOOMSLANG115 and REACT116 (Rapid Enumeration by an 
Automated Combinatorial Tool). With tools like these, it is possible to 
enumerate a certain chemical space in an exhaustive way. 
 
This result in large virtual substance libraries that need to be screened in 
different ways, for example per the activity against the chosen target.117 There 
is also a need to screen them (or subsets of them) per the possibility of 
synthesizing them; that is to evaluate if their reaction rates in key steps of their 
synthesis can be expected to be sufficiently high as to make them at all. A 
predictive reactivity model that can rank the local and global reactivity of 

                                                             
114 Ward, R. A., Kettle, J. G. ”Systematic Enumeration of Heteroaromatic Ring 
Systems as Reagents for Use in Medicinal Chemistry”, Journal of Medicinal 
Chemistry (2011), 54, 4670–4677. 
115 Cosgrove, D. A., Kenny, P. W. ”BOOMSLANG: A program for combinatorial 
structure generation”, Journal of Molecular Graphics (1996), 14, 1–5. 
116 Therrien, E., Englebienne, P., Arrowsmith, A. G., Mendoza-Sanchez, R., Corbeil, 
C. R., Weill, N., Campagna-Slater, V., Moitessier, N., ”Integrating Medicinal 
Chemistry, Organic/Combinatorial Chemistry, and Computational Chemistry for the 
Discovery of Selective Estrogen Receptor Modulators with FORECASTER, a Novel 
Platform for Drug Discovery", Journal of Chemical Information and Modeling 
(2012), 52, 210–224. 
117 Sun, H., Scott, D. O. ”Structure-Based Drug Metabolism Predictions for Drug 
Design”, Chemical Biology & Drug Design (2010), 75, 3–17. 
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many of these substances would be highly valuable in this type of 
synthesizability screening. But it would also be potentially useful in the 
screening for metabolism/toxicity/mutagenicity of biochemical molecules; to 
what degree are the members of a virtual substance library likely to undergo 
electrophilic or nucleophilic metabolic attack.118 Thus, there is a potential use 
of efficient predictive reactivity methods in drug metabolism (xenobiotic 
metabolism) and pharmacokinetic research, since drugs frequently fail in 
clinical trials due to formation of bio activated metabolites.119 A further 
advantage with in silico methods in this context is that bio activated 
metabolites are often difficult to measure experimentally due to their reactive 
nature and short half-lives. 
 

7.3. Application 2 – The synthetic route invention 
and selection process  

The second application comes in a much later stage of the research process, 
in the development phase when a candidate drug has been selected and a 
synthetic route to this molecule must be found. This is a highly expensive task, 
both in cost and time and it is therefore almost mandatory to evaluate 
alternative synthetic routes before going to the lab. The establishment of the 
best synthetic route is not only a question of finding the shortest possible 
synthetic scheme with each step giving as high a yield as possible. There are 
many other considerations to be made in this highly complex and cross-
functional work, and the criteria are often summarized in the acronym 
SELECT (Safety, Environmental, Legal, Economics, Control and 
Throughput).120 Each criterion is illustrated in Table 4. 
 

 

 

 

                                                             
118 Schwöbel, J. A. H., Koleva, Y. K., Enoch, S. J., Bajot, F., Hewitt, M., Maddan, J. 
C., Roberts, D. W., Schultz, T. W., Cronin, M. T. D. ”Measurement and Estimation 
of Electrophilic Reactivity for Predictive Toxicology”, Chemical Reviews (2011), 
111, 2562–2596. 
119 Ford, K. A. ”Role of Electrostatic Potential in the in Silico Prediction of 
Molecular Bioactivation and Mutagenesis”, Molecular Pharmaceutics (2013), 10, 
1171–1182. 
120 Butters, M., Catterick, D., Craig, A., Curzons, A., Dale, D., Gilmore, A., Green, 
S. P., Marziano, I., Sherlock, J., White, W. ”Critical Assessment of Pharmaceutical 
Processes - A Rationale for Changing the Synthetic Route”, Chemical Reviews 
(2006), 106, 3002–3027. 
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Table 4. The SELECT criterias.  

Criteria Subcriteria Examples of potential issues 
Safety Safe process design 

Minimize exposure to harmful 
substances 

Unstable reagents, highly exothermic 
reactions 
Toxic reagents or intermediates 

Environmental Waste water volumes 
Environmentally harmful 
chemicals 

Quantity and type of solvents 
Heavy metals and aquatic toxins 

Legal Intellectual properties, patent 
position 
Environmental legislation 

Key substances or unit operations 
patented by competitor 
Substances of concern for the 
European Chemical Agency 

Economics Cost of manufacture. Variable 
costs (volume dependent) and 
fixed costs 

Many synthetic steps and expensive 
raw materials 

Control Product performance 
Quality control parameters 

Compliance (GMP) issues 

Throughput Time to manufacture; available 
plants and raw materials 

New technology required 
Raw materials with few suppliers 

 

The typical workflow in route invention and selection is iterative, as illustrated 
by Figure 17 and there are many different tools available to support it. Kepner-
Trogoe is a logic based system for prioritizing different options, and it is often 
used in the selection of synthetic route alternatives within medicinal 
research.121 Thus, in a typical research situation the chemists are faced with 
many alternative synthetic routes to the target molecule, where there is little 
or no experimental data. These possibilities are often structured in so called 
route charts, where possible compounds in the synthetic steps on the way are 
grouped in route families.  

                                                             
121 Parker, J. S., Moseley, J. D. ”Kepner-Tregoe Decision Analysis as a Tool to Aid 
Route Selection. Part 1”, Organic Process Research & Development (2008), 12, 
1041–1043. 
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Figure 17. The iterative procedure in synthetic route invention and selection. 

In the process of evaluating these alternative routes the time and resource 
available is never sufficient to investigate all the possibilities in depth, and a 
selection process is certainly required. One important part of this selection 
process is to evaluate the local and global reactivity in key reactions of the 
numerous alternative synthetic “paper-routes” to the target molecule. Is the 
reaction likely to give the desired isomer? Is it likely to give a substantial 
amount of undesired isomers and thus a (hard to separate) mixture? Will its 
reaction rate be sufficiently high as to make it at all? 
 
 

8. Concluding discussion and summary  
Modern quantum chemical software packages constitute a powerful and 
fascinating scientific tool. Used with care and in combination with 
experimental data it can provide us with a wealth of new knowledge of many 
aspects of chemical systems. In this thesis, they have been used to investigate 
the mechanism and reactivity of the SEAr and SNAr reactions. For the 
investigated predictive reactivity models to be truly useful they must, like any 
computational chemistry approach for reactivity, be applied based on a sound 
knowledge of potential reaction mechanisms.  
 
It has been possible to draw several conclusions regarding the accuracy of 
certain commonly used predictive reactivity models, and to determine how 
elaborate the models are required to be to obtain quantitatively correct 
estimates of both local and global reactivity. Beginning with the SEAr 
reactions, I have seen that the nitration mechanism passes over two π-
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complexes, one unoriented and one C-atom oriented, while halogenation just 
passes over the C-atom oriented π-complex. The π-complex thereafter 
collapses into the σ-complex before the final expulsion of a proton that lead 
to the product compound. By representing the solvent with a dielectric 
continuum model, added with an explicit solvent molecule I have also 
modeled the last step and theoretically confirmed the nearly barrier-less 
deprotonation in nitrations and chlorinations and the presence of a substantial 
energy barrier in the deprotonation for iodinations. The first conclusion that 
can be drawn is that it is crucial to take the effects of the solvent into 
consideration if a more realistic picture of the electronic configurations of the 
involved species and of the energetics of the reaction are to be obtained. I have 
investigated the nitration of benzene in the gas phase and in solution, and seen 
very large differences in both structure and energetics. The difference in 
structure are largest for the second π-complex and for the TS leading to the σ-
complex. The N-C distance is much shorter for the gas phase structures, while 
the TS structure in solution is early and shows very little resemblance to the 
σ-complex. In the gas phase, the reaction is exothermic and nearly barrier less 
while the first step in polar solvent is endergonic and the TS leading to the σ-
complex with an equally high energy barrier. Thus, taking solvent effects into 
account is crucial for the accuracy of the transition state based reactivity 
modeling of nitrations. The accuracy of the σ-complex method is similarly 
considerably improved for halogenations. 
 
The second conclusion that can be drawn from our reactivity studies of the 
PES of SEAr reactions is that it is not necessary to take dynamic effects into 
consideration if chemical accuracy (an accuracy measured as MAD around 
0.5-1 kcal/mol) is adequate. For SEAr it is sufficient to use a static approach 
and calculate the transition state leading to the σ-complex. A PCM-M06-
2X/6-311G(d,p) level approach gave the abovementioned accuracy for all 
halogenations and all but the most activated nitration (phenol), where the TS 
for forming the oriented π-complex also had to be taken into consideration. 
Nor is it necessary to allow for any radical character in the calculations. Even 
though the gas phase nitration may have a contribution from a SET 
mechanism, the solution reaction lacks the driving force for SET and our 
calculations within a dielectric continuum model does not reveal singlet 
diradical character in any of the involved species. 
 
The third conclusion concern the accuracy and thus the usefulness of the σ-
complex method. It was found that the accuracy varied in a way that could be 
rationalized with the Hammond postulate or the Bell-Evans-Polyani principle. 
The σ-complex as a model for the rate-determining transition state is more 
accurate the later this transition state comes along the reaction coordinate - 
that is the more deactivated the reaction. Thus, the σ-complex approach is in 
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general more accurate for halogenations than for nitrations, and for 
halogenations the more deactivated the substrate. For halogenations, the 
accuracy of the σ-complex approach surpasses the best ground-state reactivity 
descriptors, and for the most deactivated substrates it can rival direct transition 
state modeling. In contrast, it failed for nitrations, which is not particularly 
surprising if the PES of this reaction is studied. Whereas the rate-determining 
transition state for chlorination resembles the σ-complex, the corresponding 
transition state for nitration is much closer to the oriented π-complex in both 
structure and in energy. This observation, outlined in the work presented in 
paper V, supports the conclusions reached by Olah over 40 years ago. Based 
on experimental stability data for π- and σ-complexes of arenes and the low 
substrate but high positional selectivity in highly exothermic SEAr reactions, 
he concluded that the rate-determining transition state is the one leading to the 
oriented π-complex. This should be followed by a transition state which 
differs substantially between the isomers and leads to the σ-complex. In 
contrast, for SEAr reactions that are deactivated, either by means of a less 
nucleophilic aromatic substrate or a weaker electrophile, the rate-determining 
step should be the formation of the σ-complexes. 
 
We now turn the attention to SNAr reactions. Unlike SEAr reactions there are 
experimental and theoretical justifications for both stepwise and concerted 
mechanistic variants in polar solvents and many cases where the expulsion of 
the leaving group is rate-determining. Our calculations show that their 
mechanism is quite dependent on the type of leaving group on the substrates, 
and these differences forced us to search for accurate reactivity models along 
different lines. Reactions with F¯ or HF as leaving group (that is with anionic 
and neutral nucleophiles respectively) proceed by a two-step mechanism via 
a transition state (TS1) for forming the σ-complex intermediate and then on to 
expulsion of the leaving group (TS2). The structure of the σ-complex is 
similar to the structure of both these transition states, making it a theoretically 
good candidate for a reactivity model. No reaction intermediate could be 
found for Cl¯/HCl and Br¯/HBr as leaving groups, and we postulated them to 
proceed in a concerted manner and tried such transition state structures as 
reactivity models.  
 
The σ-complex method (for the F¯ and HF cases), applied with similar levels 
of theory and basis set as in our SEAr investigations gave an excellent accuracy 
(measured as MAD) of around 0.5 kcal/mol for local reactivity, and is in line 
with the accuracy we found for SEAr halogenations. This was reached for a 
large variety of active nucleophiles and substrates with reactivity that varied 
over many orders of magnitude. Quite good accuracy was also obtained for 
relative global reactivity. The approach for Cl¯/HCl and Br¯/HBr was also 
successful and gave accuracies between 0.5 and 1 kcal/mol. Some 
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observations for SNAr parallels those we made for SEAr; taking solvent effects 
into consideration via PCM models improved the accuracy considerably, and 
for neutral nucleophiles their use were crucial to find the σ-complex structures 
at all. As for SEAr halogenations, the accuracy of the σ-complex method 
outperforms the best state-of-the-art ground-state reactivity descriptors. 
Another parallel is that nor for SNAr is it necessary to take dynamic effects 
into consideration if an accuracy of 0.5-1 kcal/mol is sufficient. But there are 
also differences. There is the abovementioned difference linked to 
stepwise/concerted mechanism and the departing step is more involved for 
neutral nucleophiles as this can proceed along different mechanisms, each one 
with its own individual TS2 structures. A distinct advantage with the σ-
complex instead of the transition state is that there is no ambiguity in the 
structure of this stationary point on the potential energy surface. Thus, when 
deciding on whether to apply the σ-complex or the transition state approach, 
the degree of activation (type of active electrophile and nucleophilicity of the 
aromatic substrate) is the crucial factor for SEAr, while it is the type of leaving 
group for SNAr.    
  
The performance of the investigated reactivity methods is of a surprisingly 
good quality, considering the wide range of solvents and temperature 
conditions under which the reactions were run and despite having chosen 
moderate levels of theory and basis sets. In addition, the approaches used are 
very straightforward, without elaborate model systems, systematic 
conformational searches or specific solvent-solute interactions. There are 
probably several reasons, one is that there are large error cancellations in this 
type of relative energy calculations and they limit the need for highly accurate 
quantum mechanical methods. Another reason might be that the charge in the 
species used is so delocalized as to make the simple PCM approach sufficient, 
and the need for explicit solvent calculations thus small. A third reason could 
be that the examples studied are comparatively small and rigid systems, where 
high-quality experimental data on relative reactivity exists. These types of 
systems are less prone to computational errors than large, flexible ones, and 
the absence of conformational searches and the representation of the transition 
state ensemble with only one structure is less severe for such systems. Finally, 
I would like to point out that the functional M06-2X is very suitable for this 
type of main-group thermochemistry, and that the method of a dielectric 
continuum model in combination with explicit solvent molecules has proven 
to be very valuable.



 


