
 
 

 
  

Dissertation zur Erlangung des Doktorgrades 
der Fakultät für Chemie und Pharmazie 

der Ludwig‐Maximilians‐Universität München 
 
 
 
 
 

 
Structure and Stability of Radicals 

and 
Quantification of Electrophilic Reactivity 

 
 
 
 
 
 
 
 
 
 
 

von 
Harish Harish 

aus 
Deoli, Delhi, India  

 
 
 
 

2018 
  



  



 
 
 

Erklärung 
 

Diese Dissertation wurde im Sinne von §7 der Promotionsordnung vom 28. November  
2011 von Herrn Prof. Dr. Hendrik Zipse betreut.  
 
 
 
 
 
Eidesstattliche Versicherung  
 
Diese Dissertation wurde eigenständig und ohne unerlaubte Hilfe bearbeitet.  
 
 
 
 
 
 .…………….... 
München, 13.02.2019   Harish Harish 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Dissertation eingereicht am: 27.12.2018   
 
1. Gutachter:     Prof. Dr. Hendrik Zipse  
 
2. Gutachter:     Prof. Dr. Herbert Mayr 
 
 
Mündliche Prüfung am: 08.02.2019    
 
  



  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Dedicated to  
 

My Family 
 

Har Har Har Mahadev 
 
  





Acknowledgement 
First of all, I would like to convey my deepest gratitude to Prof. Dr. Hendrik Zipse for accepting 
me in his research group and supervising my doctoral study. Over the last five years, he has helped 
me in countless ways and taught me numerous things. I thank him for his guidance, unending 
patience, constant support and encouragement. Every single time, I feel amazed and inspired, by 
his ability to see the value in my work that I failed to see myself, thank you for believing in me. I 
really appreciate all the time and efforts he devoted to the valuable discussions we had, it means a 
lot to me. 
 
Second, I wholeheartedly thank Prof. Dr. Herbert Mayr not only for kindly accepting to be 
“Zweitgutachter” but also for providing extensive collaboration opportunities. I extend my sincere 
thanks to all the members of the review committee. I’m very grateful for their time and efforts. 
 
I would also like to thank Dr. Armin R. Ofial, Prof. Ruth M. Gschwind, Prof. Ulrick Jahn, Prof. 
Philippe Renaud and Prof. Massimo Bietti, for the fruitful collaborations. In addition, special thanks 
to Michael H. Haindl, Quan Chen, Tynchtyk Amatov and Zhen Li for being excellent research 
partners and making substantial contributions to this work. 
 
My words of thanks to my old and new colleagues in the Zipse group. They have been very helpful 
to me, irrespective of the nature of my problems. Raman Tandon, for encouraging words. Christoph 
Lindner, for helping me to navigate bureaucracies. Florian Achrainer, Sandhiya Lakshmana, Julian 
Helberg and Marta Marin Luna for being more friends than colleagues. Florian Barth, Cong Zhang, 
Pascal Patschinski, Jutta Tumpach, Ieva Teikmane, Stefanie Mayr, Benjamin Pölloth, Heena Ugale, 
Salavat Ashirbaev, Vasily Korotenko and Fabian Zott for lending me a helping hand in an hour of 
need and making me feel welcome. I want to express special thanks to my friend Johnny Hioe, for 
all of his support and cooperation in the early days of my doctoral study. 
 
I thankfully acknowledge financial support by Deutsche Forschungsgemeinschaft (SFB 749, project 
C6). Furthermore, I thank Mrs. Birgit Carell, she was exceptionally kind to me, and Mr. Christoph 
Singer, who was always more than willing to help. I also gratefully acknowledge the compute and 
data resources provided by the Leibniz Supercomputing Centre (www.lrz.de).  
 
At this moment, I would also like to recall and thank all my former teachers. I am particularly 
thankful to Prof. Prasad V. Bharatam. I always believe that their guidance and encouragement have 
helped me get to where I am today. 
 
I am deeply thankful to my family for their infinite love and support. As always, it is hard for me 
to put in words how grateful I am for all of the things they have done for me. My loving parents, 
Late Sh. Ram Niwas & Smt. Kamlesh, my caring uncle and aunty, Sh. Ved Prakash & Smt. Kanta, 
my dear brothers and sisters, Sapna, Gaurav, Hitesh and Sourav and my partner for life, Preeti. They 
all have made great sacrifices, and I do not doubt that without them, this thesis would never have 
been possible. This work is dedicated to you all. 
 
My final words of gratitude and prayer to Lord Shiva, Har Har Har Mahadev. 
  
Thank you 
Harish   



 



LIST OF PUBLICATIONS                                                                                                                      

 
Parts of this thesis have been published as follows:  
 

H. Jangra, M. H. Haindl, F. Achrainer, J. Hioe, R. M. Gschwind, H. Zipse, “Conformational 
Preferences in Small Peptide Models: The Relevance of cis/trans‐Conformations” Chem. 
Eur. J. 2016, 22, 13328-13335. 

D. S. Allgäuer, H. Jangra, H. Asahara, Z. Li, Q. Chen, H. Zipse, A. R. Ofial, H. Mayr, 
“Quantification and Theoretical Analysis of the Electrophilicities of Michael Acceptors” 
J. Am. Chem. Soc. 2017, 139, 13318-13329. 

Z. Li, H. Jangra, Q. Chen, P. Mayer, A. R. Ofial, H. Zipse, H. Mayr, “Kinetics and Mechanism 
of Oxirane Formation by Darzens Condensation of Ketones: Quantification of the 
Electrophilicities of Ketones” J. Am. Chem. Soc. 2018, 140, 5500-5515. 

T. Amatov, H. Jangra, R. Pohl, I. Cisařová, H. Zipse, U. Jahn, “Unique Stereoselective 
Homolytic C−O Bond Activation in Diketopiperazine‐Derived Alkoxyamines by Adjacent 
Amide Pyramidalization” Chem. Eur. J. 2018, 24, 15336-15345. 

H. Jangra, H. Zipse, “Electrostatic Effects on the Stability of Peptide Radicals” J. Phys. 
Chem. B 2018, 122, 8880-8890. 

D. Meyer, H. Jangra, F. Walther, H. Zipse, P. Renaud, “A Third Generation of Radical 
Fluorinating Agents Based on N-fluoro-N-arylsulfonamides” Nat. Commun. 2018, 9, 1-10. 

H. Jangra, Q. Chen, E. Fuks, I. Zenz, P. Mayer, A. R. Ofial, H. Zipse, H. Mayr “Nucleophilicity 
and Electrophilicity Parameters for Predicting Absolute Rate Constants of Highly 
Asynchronous 1,3-Dipolar Cycloadditions of Aryldiazomethanes” J. Am. Chem. Soc. 2018, 
140, 16758–16772.  

  



  



 
 

Table of Contents 

Abstract  1 
Chapter 1. Introduction 5 

1.1 Structure and Stability of Radicals ................................................................ 5 
1.2 Quantification of Electrophilic Reactivity ................................................... 12 

Chapter 2. Conformational Preferences in Small Peptide Models: The Relevance of 
cis/trans‐Conformations 19 

2.1 Supporting Information ................................................................................ 29 

Chapter 3. Electrostatic Effects on The Stability of Peptide Radicals 39 

3.1 Supporting Information ................................................................................ 52 

Chapter 4. Stability of Peptide Radicals: Thermodynamics vs. Kinetics 79 

4.1 Introduction .................................................................................................. 81 
4.2 Results and Discussion ................................................................................ 81 
4.3 Supporting Information ................................................................................ 91 

Chapter 5. Unique Stereoselective Homolytic C-O Bond Activation in Diketopiperazine-
Derived Alkoxyamines by Adjacent Amide Pyramidalization 95 

5.1 Supporting Information .............................................................................. 107 

Chapter 6. A Third Generation of Radical Fluorinating Agents Based on N-Flouro-N-
Arylsulfonamides 115 

6.1 Supporting Information .............................................................................. 127 

Chapter 7. Quantification and Theoretical Analysis of the Electrophilicities of Michael 
Acceptors 137 

7.1 Supporting Information .............................................................................. 151 

Chapter 8. Kinetics and Mechanism of Oxirane-Formation by Darzens Condensation of 
Ketones: Quantification of the Electrophilicities of Ketones 167 

8.1 Supporting Information .............................................................................. 185 

Chapter 9. Nucleophilicity and Electrophilicity Parameters for Predicting Absolute Rate 
Constants of Highly Asynchronous 1,3-Dipolar Cycloadditions of 
Aryldiazomethanes 197 

9.1 Supporting Information .............................................................................. 214 

Curriculum Vitae 230 

 
  



  



Abstract 

 

1 
 

Abstract   

 

This work comprises two different aspects of chemical reactivity. In the first part of the thesis, we 
investigated different factors that influence the structure and stability of radicals. The second part 
of the work involves quantification of electrophilic reactivity. 
 
Structure and Stability of Radicals:  
Conformational Preferences in Small Peptide Models - the Relevance of Cis/Trans Conformationsi 
The accurate description of cis/trans peptide structures is of 
fundamental relevance for the field of protein modelling and 
protein structure determination. QM-derived thermochemical 
data and detailed NMR studies predict an extended C5_tt 
conformation for dipeptide model Ace-Gly-NMe 1 as the 
preferred conformation in DMSO solution. Isomerization of 
the N- or C-terminal amide bonds are both found to be 
endergonic by 12 kJ/mol at 300 K, leading to the occurrence 
of the trans-cis (tc) and cis-trans (ct) conformations as 
detectable species by NMR measurements in DMSO-d6. Supported by theoretical chemical shift 
calculations, this allowed for the complete assignment of 1H and 13C chemical shift data for these 
cis/trans isomers. Temperature-dependent 1H NMR measurements indicate that the cis-trans energy 
differences are mainly of enthalpic origin, which is again in line with theoretical predictions. The 
ability to reproduce the conformational preferences of 1 with common protein force fields is limited.  
 
Electrostatic Effects on The Stability of Peptide Radicalsii 
An external electric field (EEF) to tune the chemical and 
biological (re)activity of open-shell species attracted 
significant attention recently. Using high-level quantum 
chemical methods, we explored the influence of EEFs on the 
stability of a Cα-glycine dipeptide model radical (r1). Remotely located ions (Cl-/Na+) were used to 
implement EEF effects. The ions have a significant influence on the stability of r1. The charge and 
orientation of the ion determine its interaction with radical r1. The Cl- and Na+ at 180° in the XY-
plane stabilise (-9.7 kJ/mol) and destabilise (8.8 kJ/mol) r1, respectively. Suitable point charges 
and EEFs can be used to reproduce these effects. Effects of charge on the stability of r1 are stronger 
in the XY-plane compared to the XZ- and YZ-planes. The (de)protonated side chain functional 
groups in acidic (asp & glu) and basic (lys & his) amino acids destabilise their corresponding 
peptide radicals except in the case of arginine (arg), where protonation stabilises the cation radical 
by -16.6 kJ/mol.  
 
Stability of Peptide Radicals: Thermodynamic vs Kinetics 
Thermodynamics and kinetics of hydrogen atom transfer (HAT) from dipeptide model Ace-Gly-
NMe 1 by cumyloxy radical (CumO•) were investigated using quantum chemical computations and 
laser flash photolysis (LFP). Absolute rate constants for HAT measured by LFP indicates that the 
CumO• radical predominantly abstracts hydrogen atoms from the N-methylamide (NMe) protecting 
group in Ace-Gly-NMe. These results are consistent with previous experimental observations of 
structurally related systems. Thermodynamic favourability of HAT from different carbon centres 
of Ace-Gly-NMe by CumO• was quantified at different levels of theory, and Cα of Ace-Gly-NMe 
was found to be the thermodynamically most favourable site. HAT from The C-terminal methyl 

                                                 
i Reprinted with permission from Chem. Eur. J., 2016, 22, 13328-13335 © 2016 WILEY‐VCH Verlag GmbH & Co. KGaA. 
ii Reprinted with permission from J. Phys. Chem. B, 2018, 122, 8880-8890 © 2018 American Chemical Society. 
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group of Ace-Gly-NMe by CumO• was found to have the lowest activation barrier in acetonitrile 
and is the kinetically preferred site for hydrogen atom abstraction. Solvation effects play an 
important role in the stabilization of transition states and thus significantly influence the reaction 
kinetics. 
 
Unique Stereoselective Homolytic C‐O Bond Activation in Diketopiperazine‐derived Alkoxyamines 
via Adjacent Amide Pyramidalizationiii 

Simple monocyclic diketopiperazine (DKP)-derived 
alkoxyamines exhibit an unprecedented activation of a remote 
C-O bond for homolysis by amide distortion. The 
combination of strain release-driven amide planarization and 
the persistent radical effect (PRE) enable a unique, 
irreversible and quantitative transcis isomerization under 
much milder conditions than typically observed for such 

homolysis-limited reactions. This isomerization is shown to be general and independent of the steric 
and electronic nature of both amino acid side chains and substituents at the DKP nitrogen atoms. 
Homolysis rate constants have been determined and they significantly differ for both, the labile 
trans-diastereomers and the stable cis-diastereomers. To reveal the factors influencing this unusual 
process, structural features of the kinetically preferred trans- and the more stable cis-diastereomers 
were investigated in the solid state and in solution. X-ray crystallographic analysis and 
computational studies indicate a substantial distortion of the amide bond from planarity in the trans-
alkoxyamines, which is the cause for the facile and quantitative isomerization. Thus, these amino 
acid-derived alkoxyamines are the first examples that exhibit a large thermodynamic preference for 
one diastereomer over the other upon thermal homolysis, which allows controlled switching of 
configurations and configurational cycling.  
 
A Third Generation of Radical Fluorinating Agents Based on N-fluoro-N-arylsulfonamidesiv 

Radical fluorination has been known for a long time, but 
synthetic applications were severely limited by the 
hazardous nature of the first generation of reagents such as 
F2 and the strongly electrophilic nature of the second 

generation of reagents such as N-fluorobenzenesulfonimide (NFSI) and Selectfluor®. Here, we 
report the preparation, use, and properties of N-fluoro-N-arylsulfonamides (NFASs), a class of 
fluorinating reagents suitable for radical fluorination under mild conditions. Their N–F bond 
dissociation energies (BDE) are 30–45  kJ/mol lower than the N–F BDE of the reagents of the 
second generation. This favors clean radical fluorination processes over undesired side reactions. 
The utility of NFASs is demonstrated by a metal-free radical hydrofluorination of alkenes including 
an efficient remote C–H fluorination via a 1,5-hydrogen atom transfer. NFASs have the potential 
to become the reagents of choice in many radical fluorination processes. 
 
Quantification of Electrophilic Reactivity:  
Quantification and Theoretical Analysis of the Electrophilicities of Michael Acceptorsv 
To quantify the electrophilic reactivities of common Michael acceptors, we measured the kinetics 
of the reactions of mono-acceptor-substituted ethylenes (1) and styrenes (2) with pyridinium ylides 
(3), a sulfonium ylide (4), and a sulfonyl substituted chloromethyl anion (5). From the second-order 
rate constants k, we have calculated by using the Mayr-Patz equation [log k = sN(N + E)] the 
electrophilicity parameters E of the MAcs. Kinetic investigations show that the reactions of 1 or  2 

                                                 
iii Reprinted with permission from Chem. Eur. J, 2018, 24, 15336-15345 © 2018 Wiley‐VCH Verlag GmbH & Co. KGaA. 
iv Reprinted with permission from Nat. Commun., 2018 (DOI: 10.1038/s41467-018-07196-9) © The Author(s) 2018. 
v Reprinted with permission from J. Am. Chem. Soc., 2017, 139, 13318-13329 © 2017 American Chemical Society. 
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with 3-5 follow the Mayr-Patz equation, indicating stepwise 
processes with a common rate-determining step. It is further 
confirmed by PES calculations. The electrophilic parameters 
E correlate poorly with frontier orbital energies or with global 
and local electrophilicity indices (ω & ωβ). Good correlations 
were found between E and their calculated methyl anion 
affinities, particularly when solvation by DMSO was taken 
into account.  
 
Kinetics and Mechanism of Oxirane-Formation by Darzens Condensation of Ketones: 
Quantification of the Electrophilicities of Ketonesvi  
The kinetics of epoxide formation by Darzens condensation 
of aliphatic ketones 1 with arylsulfonyl-substituted 
chloromethyl anions 2 have been determined photometrically. 
DFT calculations of the intrinsic reaction pathways showed 
that the reactions of the ketones 1 with the chloromethyl 
anions 2 yield two rotational isomers of the intermediate 
halohydrin anions 4, only one of which can cyclize while the 
other undergoes retroaddition because the barrier for rotation is higher than that for reversal to the 
reactants 1 and 2.  The rate constants kCC for the initial nucleophilic attack are accessible by 
combination of the directly measured gross rate constants for the formation of the epoxides 3 from 
the reactants 1 and 2 (k2

exp) with the degree of reversibility of the initial step (k–CC/krc). From kCC 
and previously reported N and sN parameters for 2, we have calculated by using log k = sN(N + E) 
the electrophilicity parameters E. They correlate moderately with the LUMO energies of the 
carbonyl groups, very poorly with Parr’s electrophilicity indices, and best with the methyl anion 
affinities calculated for DMSO solution.  
 
Nucleophilicity and Electrophilicity Parameters for Predicting Absolute Rate Constants of Highly 
Asynchronous 1,3-Dipolar Cycloadditions of Aryldiazomethanesvii 
Kinetics of the reactions of aryldiazomethanes (ArCHN2) 
with benzhydrylium ions (Ar2CH+) have been measured 
photometrically in dichloromethane. The resulting second-
order rate constants correlate linearly with the 
electrophilicities E of the benzhydrylium ions which allowed 
us to use the correlation log k = sN(N + E) (eq. 1) for 
determining the nucleophile-specific parameters N and sN of 
the diazo compounds. UV-Vis spectroscopy was analogously employed to measure the rates of the 
1,3-dipolar cycloadditions of these aryldiazomethanes with acceptor-substituted ethylenes of 
known electrophilicities E. The measured rate constants for the reactions of the diazoalkanes with 
highly electrophilic Michael acceptors (E > –11, for example 2-benzylidene Meldrum’s acid or 1,1-
bis(phenysulfonyl)ethylene) agreed with those calculated by eq. 1 from the one-bond 
nucleophilicities N and sN of the diazo compounds and the one-bond electrophilicities of the 
dipolarophiles, indicating that the incremental approach of eq. 1 may also be applied to predict the 
rates of highly asynchronous cycloadditions. Weaker electrophiles, e.g., methyl acrylate, react faster 
than calculated from E, N, and sN, and the ratio of experimental to calculated rate constants was 
suggested to be a measure for the energy of concert G‡concert = RT ln(k2

exptl/k2
calcd). Quantum 

chemical calculations indicated that all products isolated from the reactions of the 
aryldiazomethanes with acceptor substituted ethylenes (Δ2-pyrazolines, cyclopropanes, and 

                                                 
vi Reprinted with permission from J. Am. Chem. Soc., 2018, 140, 5500–5515 © 2018 American Chemical Society. 
vii Reprinted with permission from J. Am. Chem. Soc., 2018 © 2018 American Chemical Society. 
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substituted ethylenes) arise from intermediate Δ1-pyrazolines, which are formed through concerted 
1,3-dipolar cycloadditions with transition states, in which the C–N bond formation lags behind the 
C–C bond formation. The Gibbs activation energies for these cycloadditions calculated at the 
PCM(UA0,CH2Cl2)/(U)B3LYP-D3/6-31+G(d,p) level of theory agree within 5 kJ mol–1 with the 
experimental numbers showing the suitability of the applied polarizable continuum model (PCM) 
for considering solvation. 
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Chapter 1. Introduction 

 

1.1 Structure and Stability of Radicals 

In theoretical organic chemistry, a radical (molecular entity with an unpaired electron) comes under 
the umbrella category of open-shell systems: atomic or molecular systems in which all electrons are 
not entirely paired in orbitals.1 The presence of an unpaired electron make radicals highly reactive 
and short-lived species with few exceptions. Historically, radicals were considered as 
uncontrollable, unstable, and useless species with a little practical application. In 1955, C. K. Ingold 
had jokingly said:2 
“Homolysis, even between consenting adults, is grounds for instant dismissal from this 
Department.” 
Regardless of the bleak outset, the current overview of the role of radicals in chemistry and biology 
reveals its astonishing impact on the polymer, pharmaceutical, agricultural, atmospheric, natural 
product, and organic synthesis. The Zipse group has been working toward developing 
understanding about the roles of radicals in biological and chemical processes using the tools and 
techniques of theoretical chemistry.  

1.1.1 Radicals in Biology 

In biology, radicals of proteins and peptides are of fundamental importance and have been 
implicated to play a crucial role in various biochemical and physiological processes.3 Recent times 
have seen a large increase in the number of reports on radical-mediated enzymatic catalysis, and it 
is now a well-established fact that enzymatic catalysis often involve open-shell intermediates.4 In 
previous work, Zipse and co-workers used the radical stabilization energy (RSE), as defined in eq. 
1, to quantify the thermodynamics of hydrogen atom transfer steps in enzymatic reactions.5  

 

The RSE defined here using the isodesmic hydrogen transfer reaction shown in eq. 1 is a measure 
of the thermodynamic stability of carbon-centred radicals. Negative RSE values indicate that the 
radical (R1R2R3C•) under consideration is more stable than the reference methyl radical (CH3•) and 
vice-versa. A similar approach is used to define thermodynamic stabilities of nitrogen-, oxygen-, 
and sulfur-centred radicals as shown in eqs. 2, 3 and 4.  

 

Combining calculated RSE values with the experimentally determined bond dissociation energies 
(BDEs) of the corresponding reference systems yields calculated BDEs for the systems under 
investigation. For example, The C-H bond dissociation energy in methane amounts to BDE(CH3-
H) = +439.3±0.4 kJ/mol.6 The BDE value for the C-H bond in ethane (CH3CH3-H) can be calculated 
by adding the RSE of the ethyl radical (CH3CH3•) to the reference BDE(CH3-H). [BDE (CH3CH3-
H) = BDE(CH3-H) + RSE(CH3CH3•)] 
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Figure 1-1. A unified scale of thermodynamic stability of C-, N-, O-, and S-centered radicals based 
on the RSE and BDE data calculated at G3B3 and IMOMO(G3B3,G3(MP2)-RAD) level of theory. 
RSE values were collected from Ref. 5d and literature cited therein. a BDE values were taken from 
Ref. 6. 

Using concepts explained in the previous paragraphs, a unifying scale of thermodynamic stability 
can be obtained by plotting BDEexp of the reference systems on the universal BDE scale and then 
placing systems of interest using their calculated RSE values with respect to their system of 
reference as shown in Figure 1-1. This type of graphical representation provides a convenient way 
of comparing the stability of structurally different radicals. For example, The Cα-H BDE for glycine 
dipeptide 1 (363.8 kJ/mol), the S-H BDE for cysteine 2 (366.8 kJ/mol) and the O-H BDE for 
tyrosine [modelled using p-cresol 3, 367.7 kJ/mol] were found to be very similar, with glycyl radical 
dipeptide r1 having the largest intrinsic thermodynamic stability. In previous studies the data shown 
in Figure 1-1 has effectively been employed for quantifying the HAT reactions for selected S-
adenosylmethionine (SAM)-dependent enzymes.7 



Introduction 

 

7 
 

 
Figure 1-2. The effect of conformational variation on the RSE and BDE (ΔH298, kJ/mol, highlighted 
using a grey bar) of selected dipeptide radicals calculated at the G3(MP2)-RAD level of theory. 
Bold lines are used to indicate the Boltzmann-averaged RSE values.5c 

The conformational analysis reveals some interesting properties of these peptide radicals. The 
stability of peptide radicals and their corresponding closed-shell parents is highly sensitive toward 
the backbone geometry. 

 
Figure 1-3. The gas phase enthalpy-based conformational distribution (ΔH298, kJ/mol) of (A) 
glycine dipeptide 1 and the corresponding (B) radical r1 calculated at the G3(MP2)-RAD level of 
theory. Only conformers with relative ΔH298 values below 30 kJ/mol are shown.5c 
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The largest variation of radical stability was found to be associated with the glycyl radical dipeptide 
r1 as shown in Figure 1-2 as the length of a grey bar). These properties of glycine, cysteine and 
tyrosine, up to a certain extent explain why they serve as a source of peptide radicals in enzymatic 
catalysis. Further analysis of conformational space of closed-shell glycine dipeptide 1, show that 
the conformer with one cis-peptide orientation (C5, tc) occurs just above 10 kJ/mol and the more 
surprising, for the corresponding radical r1, the cis-peptide (C5, tc) appears just 7 kJ/mol above the 
global minimum (Figure 1-3). With the largest thermodynamic radical stability and its highest 
conformation based tuning potential, glycine dipeptide 1 warrants further investigation of structural 
preference and other factors that can be employed by an enzyme to alter its reactivity. 
 
In the second chapter of this thesis, we present the findings of our investigation on the 
conformational preference in small-peptide models with a particular focus devoted to the cis 
orientation of peptide bonds.8 This study employed a combination of theoretical and experimental 
approaches to evaluate the relevance of cis-peptide conformers of glycine dipeptide 1. The relative 
solution phase (DMSO) free energies (ΔGsol, in kJ/mol at 298.15 K) for glycine dipeptide 1 
conformers reveal that N- and C-terminal trans/cis isomerization are similarly endergonic and lead 
to almost isoenergetic C5_ct and C5_tc conformers roughly ~12 kJ/mol above the global C5_tt 
minimum (Figure 1-4). These conformers are further investigated by NMR measurement in DMSO-
d6. The QM-derived structural and chemical shift information is employed in the complete 
assignment of experimentally measured 1H and 13C chemical shift data for these conformers. The 
ΔG300K difference of ~13 kJ/mol for cis/trans conformers with respect to the global minimum were 
calculated based on the temperature-dependent population changes followed by 1H NMR.  These 
observations are close to the calculated solvation phase free energy difference of roughly ~12 
kJ/mol.  

 
Figure 1-4. Graphical summary from the 2nd chapter of this thesis. 

Our work shows, how high-level quantum chemical modelling complements advanced NMR 
techniques to characterize the sparsely populated cis/trans conformers of small peptide models such 
as glycine dipeptide 1. We also investigated the commonly used forcefields (FFs) to recapitulate 
the occurrence to cis-peptide conformations and reveal their limited performance in describing such 
structural features.  
 
Following this detailed investigation of structural preferences of glycine dipeptide 1, we shifted our 
focus to the thermodynamic stability of glycyl radical dipeptide r1. As mentioned earlier, r1 has 
the largest range for conformation-based tuning of its thermodynamic stability. It is quite possible 
that enzymes use these structural features of r1 to alter its reactivity in catalytic processes. Active 
site analysis of selected members of the glycyl radical enzyme (GRE) family shows the presence 
of functional groups that can bear charge on de/protonation close to the glycine residue (Figure 
1-5). Upon bearing charge, these functional groups have the potential to influence the reactivity of 
glycine residue toward HAT reactions.9 The idea that enzymes use pre-organized structural features, 
such as the charge on selected side chain residues for catalysis is not new and is quickly gaining 
more and more acceptance.10 Following this lead, we investigated the influence of external charge 
on the stability of glycyl radical r1.  
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Figure 1-5. Snapshots of active site glycine residues and their neighbouring environment in GREs. 

The third chapter of this thesis discusses the effects of remote charges (Cl-/Na+) on the stability of 
a glycine radical dipeptide r1 using high-level quantum chemical methods. Remote charges located 
as far as 9 Å from the Cα radical centre can be significantly stabilizing or destabilizing.11 The effects 
strongly depend on the nature of the charge and their relative orientation and distance from the 
radical centre. The electrostatic effects of these ions are recapitulated by external electric fields 
(EEFs) and background point charges (PCs). We screened some of the commonly used QM 
methods to highlight the strengths and weaknesses in describing these effects properly. The 
investigation is extended to acidic and basic amino acids (AAs) that on (de)protonation of side 
change terminal functional groups bear a charge. In these systems, the stability of the respective Cα 
radical mainly depends on the preferred orientation of the charge-carrying side chain. 
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Figure 1-6. The effect of remotely located charge on the stability of Cα centred peptide radicals. 

Following the study of electrostatic effects on the thermodynamic stability of glycine radical 
dipeptide r1, we further extended our investigation into examining its kinetic stability in the context 
of hydrogen atom transfer (HAT) reactions, in chapter 4 of this thesis. For this project we 
collaborated with Prof. M. Bietti’s group, who measured the kinetics of HAT reaction from glycine 
and alanine dipeptides to cumyloxyl (CumO•) radical using laser flash photolysis. Experimental 
data indicate that for these substrates, the CumO• radical preferentially abstracts hydrogen from 
the C terminal methyl position of the N-methylamide capping group.  
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Figure 1-7. The qualitative depiction of calculated thermodynamics and kinetics profiles of HAT 
from glycine dipeptide 1 by cumyloxyl radical CumO•.  

The C-H bonds at the Cα position were found to be the weakest C-H bonds in glycine dipeptide 1 
in terms of quantum chemically calculated thermodynamic driving force, due to the formation of 
captodatively stabilized radical r1. However, calculated solution phase free energy barriers support 
the experimental observation, where hydrogen abstraction from the C terminal methyl of glycine 
dipeptide 1 is having the lowest barrier among all C-H bonds. 

1.1.2 Radicals in Organic Synthesis 

Application of theoretical chemistry concepts to further enhance our understanding of the 
experimental observations saw a remarkable increase. In collaboration with Prof. Ullrich Jahn, we 
investigated the stereoselective activation of the C-O bond by amide pyramidalization in 
diketopiperazine (DKP)-derived alkoxyamines.12  

 
Figure 1-8. Solvation-corrected Gibbs energy (in kJ/mol) profile for trans-cis isomerization of 
DKP-derived alkoxyamines 5.1 calculated at the (U)B2PLYP/G3MP2Large//(U)B3LYP/ 6-31G(d) 
level of theory. Single-point solvation energies were calculated for DMSO at the 
SMD(DMSO)/(U)B3LYP/6-31G(d) level of theory. The hyperconjugation interactions (in kJ/mol, 
NBO) in trans-5.1 and cis-5.1 have been calculated at the (U)B3LYP/6-31G(d) level of theory.  
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Results have been presented in the fifth chapter of this thesis. The investigation started with the 
surprising observation of quantitative and unidirectional trans-cis isomerization of DKP-derived 
alkoxyamines 5.1 at temperatures as low as 80 °C. Heating (80 °C) of a trans/cis mixture of 5.1 
yields pure cis-5.1. The stereochemistry of both isomers has been confirmed using X-ray 
crystallography. The preference for cis configuration is a common feature in all other DKP-derived 
alkoxyamines studied, regardless of the steric and electronic features at the amino acid side chains 
or the DKP nitrogen atoms. Structural data derived from X-ray crystallography and quantum 
chemical calculations show that the distortion of the amide bond from planarity is significantly 
higher in trans-5.1 compared to cis-5.1 and thus appears to be the reason for higher 
thermodynamically facility for homolysis in the former stereoisomer as compared to the latter. 
Natural bond orbital (NBO) analysis for DKP-derived alkoxyamines 5.1 also confirms that higher 
amide distortion in trans-5.1 leads to weaker amide resonance interaction than in cis-5.1. The 
kinetic investigation reveals that the homolysis rate constant for trans-5.1 is higher than for cis-5.1 
and isomerization of trans-5.1 into the more stable cis-5.1 is faster than any other follow-up 
transformation like cyclization. The same is true for the other DKP-derived alkoxyamines that we 
studied. Quantum chemical calculations verified these experimental findings. The solvation-
corrected Gibbs energy profile for trans-cis isomerization of DKP-derived alkoxyamines 5.1 
reveals that cis-5.1 is more stable than trans-5.1 and that the reaction barrier for homolysis of trans-
5.1 to a radical pair is lower than for cis-5.1 (Figure 1-8). These results are consistent with the 
experimental observations and proved to be a valuable support in rationalizing the structural and 
reactivity parameters governing the chemical transformations discussed here. 
 

Organofluorine compounds have great 
importance in the field of pharmaceuticals, 
agrochemicals and materials science. Introduction 
of fluorine atoms into an existing complex 
organic molecule under compatible conditions is 
highly desirable.13 We collaborated with the 
group of Prof. Philippe Renaud at the University 
of Bern for developing a new class of radical 
fluorinating agents called N-Fluoro-N-
Arylsulfonamides (NFASs) for fluorine atom 
transfer reactions under mild conditions.14 Details 
are provided in the sixth chapter of this thesis. The 
N-F BDE values of these reagents were found to 
be significantly lower than in previously used 
reagents like N-fluorobenzenesulfonimide 
(NFSI) and Selectfluor® (Figure 1-9). The weaker 
N-F bond enables clean radical fluorination 
reactions over more complex side reactions. The 
advantage of NFASs over NFSI and Selectfluor® 
as radical fluorinating agents is demonstrated by 
their successful use in the metal-free 
deboronofluorination of alkylboronates, 
decarboxylative fluorination of tert-butyl 
peresters, and the asymmetric hydrofluorination 
of alkenes.  
  Figure 1-9. Gas phase (ΔH298) F—NR2 bond 

dissociation energies (BDEs) and radical 
stabilization energies (RSEs) calculated at the 
G3(MP2)-RAD level of theory. 
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1.2 Quantification of Electrophilic Reactivity 

Nucleophile-electrophile combinations are among the most important reactions in organic 
synthesis. In the past, numerous experimental and theoretical attempts were made to develop a 
general method to qualitatively/quantitatively predict the reactivity and selectivity for such 
reactions.  
To quantify the relative reactivity, Mayr and co-workers developed one of the most comprehensive 
scales of nucleophilicity and electrophilicity from experimental kinetic data.15 It has been shown 
that the second order rate constants (k2) for a broad range of polar organic reactions can be described 
by a linear free energy relationship-based eq. 5, where the electrophile reactivity is characterized 
by one parameter, E (electrophilicity) and nucleophiles by two solvent dependent parameters N 
(nucleophilicity) and sN (susceptibility). 

log k2(20°C) = sN(N + E) (5) 

In collaboration with Prof. Herbert Mayr and Dr. Armin Ofial, we screened various commonly used 
quantum chemical reactivity descriptors against the experimentally measured electrophilicity (E) of 
a structurally diverse set of electrophiles. This collaboration resulted in three publications that are 
presented as three chapters of this thesis (Chapters 7-9). Experimental parts of these projects are 
entirely performed by the group of Prof. Mayr and Dr. Ofial. The computational parts are performed 
by the author of this thesis under the guidance of Prof. Hendrik Zipse. The second half of this thesis 
documents our efforts in this direction with a focus on the computational part of these studies.  
Some of the most widely employed theoretical approaches that are relevant in this regard include 
the frontier molecular orbital (FMO) theory,16 reaction energy models based on the Bell-Evans-
Polanyi (BEP) principle17/Marcus theory,18 and the distortion-interaction model19. FMO theory 
uses the electronic properties of isolated reactants [energies of the highest occupied molecular 
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO)] to estimate the energy 
change in the early state of a reaction and extrapolate it to the TS region [Figure 1-10(A)].20 As two 
molecules approach each other and their orbitals start to overlap, larger stabilization of the 
interacting molecules occur with larger overlap and smaller energy gap between the interacting 
orbitals. FMO theory only considers the contribution of the HOMO-LUMO interactions and 
accordingly assume, at least initially, that the course of the reaction will be guided by the nuclear 
configuration that leads to the most favourable HOMO-LUMO overlap. In the context of 
quantification of electrophilic reactivity, several studies have shown that within a smaller group of 
structurally similar electrophiles, often their relative reactivities correlate with the corresponding 
LUMO energies [Figure 1-10(B)].21 

 
Figure 1-10. (A) Graphical representation of qualitative FMO theory. (B) Correlation between 
experimental electrophilicity (E) and the LUMO energies of Michael acceptors calculated at the 
B3LYP/6-31G(d) level of theory from Zhuo et al.21c 
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Parr’s global electrophilicity index (ω) for molecules is obtained from “division of the square of its 
chemical potential (μ) by its chemical hardness (η)”, as expressed in eq. 6.22 The latter two quantities 
(μ and η) can be obtained from frontier orbital energies, as shown in eqs. 7 and 8. For an electrophilic 
(electron-deficient) molecular system, Parr’s electrophilicity index ω is a measure of its’s energetic 
stabilization at fixed nuclear configuration upon receiving an additional amount of electronic charge 
from the environment. The μ2 (also defined as the square of electronegativity) quantifies the 
tendency of a molecule to acquire an additional charge, while the resistance to the same is measured 
in terms of η.  

ω = μ2/2η (6) 

μ = ½ (εHOMO + εLUMO) (7) 

η = (εLUMO – εHOMO) (8) 

It is possible to project global electrophilicity ω at the specific site of interest in the molecule (atom 
k) using Fukui functions (fk

α, α = +, -, 0) to obtain the regional variant called local electrophilicity 
index (ωk) (eq. 9).22c The electrophilic Fukui function (fk

+, for nucleophilic attack) is defined as the 
change of partial charge q at atom k upon adding an electron to the corresponding molecule (eq. 10, 
where N = a total number of electrons in the neutral molecule).23  

ωk = ·fk
+ (9) 

fk
+ = q(k, N+1) – q(k, N) (10) 

Parr’s global electrophilicity index (ω) and its partial atomic charge-derived variant, local 
electrophilicity index (ωk), have been reported to be a better measure of relative electrophilic 
reactivities in structurally constrained chemical space. These indices usually work well, when the 
difference in the reactivity is predominantly controlled by the electronic effect of the substituent far 
away from the site of reactivity. These electrophilicity indices have been employed extensively as 
a measure of relative electrophilic reactivity with varying degrees of success.24  
FMO theory and associated indices based on it use properties of reactant(s). In more comprehensive 
approaches, relative reactivity prediction models - that are based on reactivity-thermodynamic 
relationships like the BEP principle17/Marcus theory18 - employ properties of both reactant(s) and 
product(s). According to the BEP principle, in a set of similar reactions, the more exothermic 
reaction takes place at a faster rate than the less exothermic ones. For two similar reactions, the 
difference in the activation energies is thus proportional to the difference in the reaction energies.  

 
Figure 1-11. (A) Reactivity (ΔGǂ)-thermodynamics (ΔGrxn) relationship based on the simplified 
Marcus equation. (B) Correlation between experimentally determined electrophilicities (E) of 
various benzhydryl cation (Ar2CH+) with gas phase methyl anion affinities [MAA(Ar2CH+)] 
calculated at B3LYP/6-31G(d,p) from Ref. 25.  
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The Marcus equation (eq. 11) represents a more quantitative form of the same principle, relating 
the thermodynamics of a reaction to its activation free energy.18 In eq. 11, the activation barrier 
(ΔGǂ) of a reaction is expressed in terms of the intrinsic barrier (ΔG0

ǂ) for a hypothetical 
thermoneutral reaction and the reaction thermodynamic driving force (ΔGrxn). Neglecting the 
second-order term of eq. 11 [(ΔGrxn

2)/(16·ΔG0ǂ)], roughly half of the reaction energy enters into the 
activation barrier for reactions within the same family [Figure 1-11(A)].20 

ΔGǂ = ΔG0ǂ + ½·(ΔGrxn) + (ΔGrxn
2)/(16·ΔG0ǂ) (11) 

The Marcus equation was derived for electron-transfer reactions, but it has been shown that similar 
quantitative reactivity-thermodynamics relationships can be derived for quantifying electrophilic 
reactivity [Figure 1-11(B)].26a, 25, 26b  
More insight into chemical reactivity can be gained from transition state (TS) calculations for the 
reaction under consideration. Characterization of the transition state in terms of the evolution of 
bond-order, charge transfer, and distortion-interaction type analysis further augment and deepen 
our understanding of the origin of chemical reactivity. In the following, we highlight that 
computational chemistry tools and techniques not only provide an independent method to review 
experimental observations, but are a complementary approach that goes hand in hand with 
experimental methods.  
 
Chapter 7 of this thesis discusses the combined experimental and quantum mechanics based 
theoretical investigation of the electrophilic reactivities of common Michael acceptors.27 The 
kinetics of the reactions of mono-acceptor-substituted ethylenes and styrenes with pyridinium 
ylides, a sulfonium ylide, and a sulfonyl-substituted chloromethyl anion were measured for the 
quantification of electrophilicities of Michael acceptors, to further extend the application of the 
Mayr-Patz equation (eq. 5). The empirical electrophilicity parameters E of the Michael acceptors, 
were calculated from the second-order rate constants (log k) measured in this work and the 
previously published N and sN parameters of the nucleophiles,28 using eq. 5. 

 
Figure 1-12. Summary of  the 7th chapter of this thesis. 

Density function theory (DFT)-based investigation of the energy profiles for the cycloaddition 
reactions of reference nucleophiles with a representative set of Michael acceptors of different 
reactivity were performed to confirm the proposed reaction mechanism and to elucidate the origin 
of the electrophilic reactivities. This investigation reveals that the barriers for stepwise and 
concerted cycloadditions are energetically quite close, and that the concerted TSs show high 
asynchronicity with similar structural and electronic features as stepwise TSs. Correlations between 
electrophilicity of Michael acceptors (E) and various QM-based reactivity descriptors were 
investigated in order to develop a model that allows prediction of electrophilic reactivities of 
Michael acceptors that are not yet experimentally characterized. Taking a lead from previous 
studies,21 we attempted to characterize the electrophilic reactivities of Michael acceptors (E) using 
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frontier molecular orbital energies and associated reactivity indices. Empirical electrophilicity 
parameter E correlate poorly with frontier molecular orbital energies or with global and local 
electrophilicity indices (ω & ωβ). Moreover, our study highlights the inherent discrepancy in these 
indices. A more comprehensive electrophilic reactivity measure, methyl anion affinities, was found 
to be an excellent descriptor for the experimentally observed electrophilic reactivities of Michael 
acceptors (E). The good correlations between E and methyl anion affinities were found, particularly 
when solvation by DMSO was considered. The QM calculations also show that methyl anion 
affinities allow the prediction of relative electrophilic reactivities of structurally diverse Michael 
acceptors.  
 
Chapter 8 of this thesis describes the quantification of the electrophilicities of ketones using a 
combination of experimental kinetic data and computational analysis.29 We studied the formation 
of epoxides 8.3 by Darzens condensation of electrophilic aliphatic ketones 8.1 with arylsulfonyl-
substituted chloromethyl anions 8.228c in DMSO solution at 20 °C. The reactions proceed via 
nucleophilic attack of the carbanions 8.2 at the carbonyl carbon of the ketones 8.1 to give 
intermediate halohydrin anions 8.4, which subsequently cyclize with formation of epoxides 8.3 
(Figure 1-13). The kinetics (k2

exptl) of these reactions were determined photometrically following 
the disappearance of the UV/Vis absorption of anions 8.2. The intermediate halohydrins 8.4-H were 
prepared independently and subjected to cross-over experiments to determine the rate limiting step. 
Deprotonation of halohydrins 8.4-H in the presence of trapping reagents for the regenerated 
carbanions 8.2 provided the relative rates of backward retroaddition (k−CC, to starting ketones 8.1 
and carbanions 8.2) and ring closure (krc, with formation of epoxide 8.3) reactions from the 
intermediates halohydrin anions 8.4. These rate constant values were used to calculate the second 
order rate constants (kCC) for the nucleophilic attack to carbanions 8.2 at the carbonyl carbon of 
ketones 8.1, that are subsequently employed along with previously published reactivity parameters 
N and sN for the reference nucleophiles28c to obtain the electrophilicity parameters E for aliphatic 
ketones 8.1. 

 
Figure 1-13. Summary of the results from chapter 8 of this thesis. 

The QM based potential energy surface (PES) investigations for the reactions between carbanions 
8.2 and ketones 8.1 show that two rotamers of intermediate halohydrin anions 8.4 are formed as the 
result of initial nucleophilic attack (Figure 1-13). Rotamers with anti C-Cl and C-O- bonds 
orientation cyclize directly to epoxide 8.3, but isomers with a gauche orientation between C-Cl and 
C-O- bonds, have to undergo rotation around the newly formed C-C bond to attain a conformation 
where cyclization is feasible. The calculations explain that the reversibility observed in the cross-
over experiments is a result of a lower barrier for retroaddition as compared to the barrier for 
conformational re-orientation for intermediate halohydrin anions 8.4. QM-based conformational 
analysis of halohydrin 8.4-H shows that gauche- and anti-conformers are energetically close, and 
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8.4-H possibly exists as a mixture of these conformers in solution. Theoretical mechanistic 
investigation into nucleophilic addition of carbanions 8.2 to Michael acceptor as dimethyl maleate 
shows that the initial step of the reaction is similar to that with ketones, but irreversible in nature. 
The experimental electrophilicity E of ketones was found to be moderately correlated with their 
calculated the LUMO energies, which is in contrast to the very poor correlations found for Michael 
acceptors as described previously. The quality of correlation degraded significantly as we employed 
global and local electrophilicity indices (ω & ωβ) as a theoretical measure of electrophilic reactivity. 
The experimental electrophilicities E of ketones correlate well with the computationally predicted 
methyl anion affinities of the ketones, in which the solvation effect plays an important role. 
 
In the final ninth chapter of this thesis, we present a combination of experimental and theoretical 
studies of 1,3-dipolar cycloaddition reactions of nucleophilic diazomethanes with acceptor-
substituted ethylenes of a wide range of electrophilicities.30 Photometrically monitored kinetics of 
the aryldiazomethanes (ArCHN2) with a set of colored benzhydrylium ions (Ar2CH+) of know 
electrophilicities E 31 were studied first to determine the nucleophile-specific parameters (sN and N) 
for the diazo compounds using eq. 5. The second order rate constants (k2

exptl) of the 1,3-dipolar 
cycloaddition reactions between the diazo compounds characterized in this work and a set of 
acceptor-substituted ethylenes of known electrophilicities E were then determined using previously 
published methods.27 We found that for highly electrophilic acceptor-substituted alkenes (with E 
values more than -11), their reaction rates with diazo compounds could be accurately predicted with 
the reactivity parameters E, sN and N using eq. 5. Their calculated rate constants k2

calcd from eq. 5 
correlate well with the experimentally measured k2

exptl, while the faster rates were observed for 
weaker electrophiles (E < -11) than predicted using the reactivity parameters (k2

calcd > k2
exptl). These 

deviations are the result of higher degree of concertedness during cycloaddition reactions between 
the diazo compounds and weaker electrophiles that lower the activation barrier by stabilization of 
the transition state.  

ΔGǂconcert = RT ln(k2
exptl/k2

calcd) (12) 

The magnitude of the barrier reduction [also called energy of concert (ΔGǂconcert)] could be obtained 
by the ratio of experimental to calculated rate constants, as shown by eq. 12. 

 
Figure 1-14. Qualitative potential energy surface of the 1,3-dipolar cycloaddition reactions between 
the diazo compound and acceptor-substituted alkenes with low (A) and high (C) electrophilicity 
(E). (B) Correlation of electrophilicity parameter (E) of acceptor-substituted alkenes versus lg k2 
for their reactions with phenyldiazomethane.  

Quantum chemically investigated 1,3-dipolar cycloaddition reactions of phenyldiazomethane 9.1a 
with a set of representative acceptor-substituted alkenes show that these reactions proceed through 
concerted and asynchronous transition states to form intermediate Δ1-pyrazolines that subsequently 
transforms into Δ2-pyrazolines, cyclopropanes, and substituted alkenes. These findings are in 
excellent agreement with experimental observations. The calculated reaction barriers also agree 
very well with the experimental activation energies. Analysis of structural parameters, the charge 
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distribution and the evolution of bond orders of transition states was used to quantify the 
asynchronicity of these cycloaddition reactions. QM-based analysis confirms that highly 
electrophilic acceptor-substituted alkenes react through highly asynchronous 1,3-dipolar 
cycloadditions with phenyldiazomethane as compared to weaker electrophiles, which supports the 
interpretations of experimental investigations. The higher asynchronicity with higher 
electrophilicity means the C-C bond formation is much more advanced than the C-N bond formation 
at the transition state (the C-N bond effectively contributes very little to the TS stabilization) and 
that is why the reactivity parameters E, sN and N are well suited to predict experimental reactivity 
values, as these reactivity parameters were derived from reactions, where only one bond is formed 
in the rate-determining step.  
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&Conformation Analysis

Conformational Preferences in Small Peptide Models:
The Relevance of cis/trans-Conformations

Harish Jangra,[a] Michael H. Haindl,[b] Florian Achrainer,[a] Johnny Hioe,[b]

Ruth M. Gschwind,*[b] and Hendrik Zipse*[a]

Abstract: The accurate description of cis/trans peptide struc-

tures is of fundamental relevance for the field of protein
modeling and protein structure determination. A compre-
hensive conformational analysis of dipeptide model Ace-Gly-

NMe (1) has been carried out by using a combination of the-
oretical calculations and experimental (1H and 13C NMR and

NOESY) spectroscopic measurements to assess the relevance
of cis-peptide conformers. NMR measurements in dimethyl

sulfoxide (DMSO) solution and calculations employing a con-

tinuum solvation model both point to the extended trans,-

trans conformer C5_tt as the global minimum. The cis-pep-

tide structures C5_ct and C5_tc, with the N- or C-terminal
amide group in cis-conformation, are observed separately
and located 13.0�2 kJ mol¢1 higher in energy. This is in

close agreement with the theoretical prediction of around
12 kJ mol¢1 in DMSO. The ability of common protein force

fields to reproduce the energies of the cis-amide conformers
C5_ct and C5_tc in 1 is limited, making these methods un-

suitable for the description of cis-peptide structures in pro-

tein simulations.

Introduction

Intrinsically disordered but functional proteins as well as
sparsely populated conformational states of proteins providing
a key role in molecular recognition, self-assembly or conforma-

tional selection are hot topics in structural biology.[1–4] In both
fields, the lowly populated and often transient states cannot

be detected directly by classical structural methods such as
conventional NMR or X-ray analysis, but require advanced NMR
techniques for example, relaxation dispersion or saturation
transfer methods and rely strongly on the reliable computation

of the energetics of the conformational space to calculate the

structural ensembles. The correct prediction of the conforma-
tional preferences including high free-energy states by molecu-
lar mechanics-based theoretical approaches is thus of funda-
mental importance for the applicability of these methods. Sev-

eral recently developed force fields for peptide and protein
modeling have therefore been derived with reference to accu-

rate structural and energetic data obtained from ab initio stud-
ies on small peptide models.[5–16] Similarly, a large number of
theoretical studies have been performed on small (di)peptide

models, again often aiding the development of more accurate
protein force fields. However, in practically all of these studies,

cis-peptide conformations have been excluded on the basis of
their unfavorable stability.[17–19] The cis/trans isomerization
occurs quite frequently at proline residues and this issue has

already been addressed in a number of previous studies.[20]

Nevertheless, cis-peptide structures also occur at other resi-

dues at a low rate.[4, 21–29] In addition, numerous surveys and
statistical analyses of the PDB database revealed that cis-pep-
tide conformations occur as much as 50 times less than ex-
pected (for non-proline residues) and a systematic increase is

observed with increasing resolution of the protein struc-
tures.[20–25, 27] Some of the very recent analyses of PDB struc-
tures concern the potentially incorrect assignment of peptide
conformations.[28] These findings, together with the debate on
cis/trans isomerism in side-chain amide bonds,[30] are in line

with the typical features of spectroscopically invisible “dark”
states characterized by relative high free energies in combina-

tion with short lifetimes. As a result, cis-peptide conformations
in large proteins are usually not detectable by conventional
NMR or X-ray analysis of large proteins.[1–2]

Small peptide models have therefore to be used to provide
accurate experimental and theoretical data for cis-peptide con-

formations in systems other than those containing proline.
One important reference compound for cis-conformations is N-
methylacetamide (NMA), the cis/trans energy difference of

which has been studied extensively by experimental and theo-
retical means (see Figure 1 A). Almost irrespective of the choice

of solvent, the trans conformation (NMA_t) is preferred over
the cis conformation (NMA_c) by 8.5–10.5 kJ mol¢1, corre-

sponding to cis populations of between 2.8 and 0.8 % (see Fig-
ure 1 A).[31–33] Experimental studies are challenged by both the
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low population of the cis-conformer NMA_c as well as by the

high trans/cis isomerization barrier of more than

80 kJ mol¢1.[34–40] That the cis/trans energy difference shows
little solvent dependence is surprising in light of the large ab-

solute solvation energies of peptides in polar media.[40] Glycine
derivative 2-acetamino-N-methylacetamide (1) represents the

smallest dipeptide model featuring peptide-like conformational
properties and has therefore been studied repeatedly in the

past.[7–8, 12, 29, 41–44] In a recent exploration of the stability of pep-

tide radicals, we calculated a gas-phase enthalpy difference of
10.7 kJ mol¢1 between the global minimum (C7) and the lowest

lying cis amide conformer of 1 (Figure 1 B). Unfortunately, con-
formational energies for cis-amide conformers have not been

reported in other theoretical studies of 1, and experimental re-
sults on this energy difference also appear not to

exist. To study the relevance of cis-peptide conforma-

tions other than proline and to provide reliable ener-
getic differences, we use in the present work an array
of different quantum chemical methods combined
with detailed NMR spectroscopic data. The conforma-

tional preferences of 1 are explored including the en-
ergetics of the sparsely populated cis/trans (tc and

ct) conformers and their chemical exchange rates
with the more favorable all-trans conformers.

Results and Discussion

Theoretical results

Gas-phase conformational distribution of glycine di-
peptide (1)

The conformational space of 1 was explored by using

a systematic search with defined variations in the
four most relevant dihedral angles (F, Y, w1 and w2)

as shown in a Figure 1 B to obtain starting geome-
tries that were subsequently optimized at B3LYP/6-

31G(d) level of theory (see the Supporting Information for fur-

ther details). This strategy locates the 14 structures shown in

Figure 2. Conformational ordering as reflected in relative en-
thalpies at 298.15 K (DH298) shows little dependence on the

particular theoretical method used and is practically identical
to that calculated with the previously used G3(MP2)-RAD and

the slightly more elaborate G3B3 and CCSD(T)/CBS methods

Figure 1. A) N-Methylacetamide (NMA): known experimental and theoretical
data (in kJ mol¢1) on the relative stability and trans/cis isomerization barrier
shown in terms of DH (DG) ;[31–40] and B) the most relevant cis/trans confor-
mational isomers of 2-acetamino-N-methylacetamide (1).

Figure 2. The structures of gas-phase minima obtained at B3LYP/6-31G(d)
level and DH298 calculated at G3(MP2)-RAD level.

Table 1. Relative enthalpies DH298 (kJ mol¢1) for conformers of glycine dipeptide
model (1) at different QM theoretical levels.

SI Conf.[a] B3LYP/
6-31G(d)

B2PLYP/
G3M2LARGE

G3(MP2)-RAD G3B3 CCSD(T)/
CBS

1 C7_tt 0.0 0.0 0.0 0.0 0.0
2 C5_tt 2.0 1.3 4.2 4.7 2.7
3 C5_tc 9.8 8.5 10.7 11.2 9.7
4 b2_tt 10.1 9.7 11.5 11.8 10.9
5 aR_ct 17.9 16.2 16.5 16.9 16.1
6 C7_uc[b] 20.1 19.6 19.6 19.8 19.6
7 C5_ct 20.7 21.0 23.7 24.3 22.2
8 b_ct 26.2 26.7 26.9 27.3 26.4
9 C5_cc 28.5 28.4 30.3 30.9 29.4
10 b_cc 37.0 36.9 36.2 36.6 36.0
11 aR_tc 42.7 40.1 38.8 39.0 39.7
12 aR_cc 40.9 40.0 39.0 39.4 39.4
13 b2_cc 44.5 42.3 41.6 42.1 42.4
14 b2_cc 44.2 42.8 42.5 43.0 43.1

[a] Refer to the Supporting Information Table S1 for conformational nomenclature.
[b] “u” indicates a peptide bond conformation deviating more than 15 degrees from
the idealized dihedral angles of 0.0 (cis, c) and 180.0 (trans, t) degrees. For C7_uc, the
dihedral angle amounts to 164.4 degrees.
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(Table 1). We will therefore continue to discuss the G3(MP2)-
RAD results, if not noted otherwise. Perusal of the gas-phase

enthalpy data in Figure 2 shows that the best conformation for
1 corresponds to C7_tt, which is very much in line with most

of the previous theoretical studies of this system. The extend-
ed C5_tt structure is located only 4.2 kJ mol¢1 higher in energy
and thus represents the 2nd best conformation. Rotation
around the C-terminal amide bond leads to the C5_tc confor-
mer, which is located + 10.7 kJ mol¢1 above the global mini-
mum and represents the 3rd best conformation overall. This is
followed by the all-trans conformation b2_tt at + 11.5 kJ mol¢1.
The first N-terminal cis-conformer aR_ct is found as the 5th

best conformer at + 16.5 kJ mol¢1. The most stable di-cis amide

conformer C5_cc occurs at 30.3 kJ mol¢1 relative to the global
minimum, which implies that the energetic effort of rotating

the amide bonds on the N- or C-terminal side of 1 into the cis-

conformation is quite independent of other conformational
settings.

In free energy terms (DG298), the extended C5_tt conforma-
tion represents the global minimum, followed by C7_tt at

+ 2.7 kJ mol¢1 (1st column in Figure 3). This flip can be under-
stood in terms of the entropic cost of the internal hydrogen

bond present in C7_tt as compared with the extended C5_tt
structure. The order and relative stability for the rest of the
conformers is not changed much: the C5_tc structure remains

the 3rd best conformer and appears at 8.8 kJ mol¢1, whereas
the first conformation with a cis-amide on the N-terminal side

aR_ct occurs at 18.8 kJ mol¢1; that is, 10 kJ mol¢1 higher than

C5_tc. In summary all gas-phase results predict a close compe-
tition of C5_tt and C7_tt conformations, followed by the C5_
tc conformation as the lowest lying cis-amide structure. The
best conformation of ct type is, at all levels, significantly less

stable than that of tc type.

Solvation energies

The effects of solvation were explored for dimethyl sulfoxide

(DMSO) as one of the most often used polar solvents for NMR
spectroscopy. Building on the gas-phase geometries and ener-

gies shown in Figure 2, solvation free-energies were calculated
by using the IEFPCM, SMD, and COSMO-SAC continuum solva-

tion models. Subsequent combination with the gas-phase free-

energies then yields the conformational distribution shown in
Figure 3. IEFPCM and SMD predict almost identical conforma-

tional ordering for 1 in DMSO solution, hence only the IEFPCM
results are displayed (refer to the Supporting Information for

SMD results). Irrespective of the solvation model, the C5_tt
conformation is predicted as the global minimum, followed by
b2_tt as the 2nd best and the C7_tt conformation as the 3rd

best trans-trans conformer. This change in conformational pref-
erences relative to those in the gas phase is due to a compara-

tively low solvation energy for the C7_tt conformation, which
is an effect also predicted in earlier theoretical studies.[44] The

differential solvation energies mean that the C5_ct and C5_tc
conformations are almost isoenergetic, now located ca.

12 kJ mol¢1 above the global minimum using COSMO-SAC sol-
vation energies. This is in close agreement with the experimen-

tal measurements predicting energy differences of 13.0�
2 kJ mol¢1 (2nd column in Figure 3).

Experimental results

The four characteristic regions of the 1H NMR spectrum of

1 (NH, Ha, Ace, and NMe see Figure 4 A) reveal signal sets of
the main conformer 1_tt as well as of the two very low popu-

lated cis-conformers 1_ct and 1_tc. At 600 MHz, some of the
cis-conformer signals partially overlap with the large resonan-

ces of the main conformer, but several signals of 1_ct and 1_tc
are baseline separated and enable a highly reliable integration.
In Figure 4 B, the 1H chemical shifts of 1_tt, 1_ct, and 1_tc in
[D6]DMSO at 305 K are depicted (for 2D assignment spectra

and 13C chemical shift assignments refer to the Supporting In-
formation). Signal intensities for the two cis conformers are
similar to those of the 13C satellites of the main conformer 1_tt
(see Figure 1 B), indicating a population of about 0.5 % each.
The amide protons of the cis-conformers (HNAce and HNMe of 1_
ct and 1_tc) were identified unambiguously by using magneti-
zation transfer via chemical exchange (EXSY) in 1D-selective

NOESY experiments. Selective irradiation of HNAce or HNMe in 1_
tt results in an EXSY signal build-up of the corresponding sig-
nals in 1_ct and 1_tc (for details see the Supporting Informa-

tion) and thus differentiates these signals from possible impuri-
ties. Intramolecular NOE contacts of Ha (tc) and NMe (tc) as

well as Ha (ct) and Ace (ct) detected by 1D-selective NOESY ex-
periments prove cis-conformations in 1_ct and 1_tc (see

Figure 3. Gas-phase and solution-phase (DMSO) free-energy differences
(DG298, kJ mol¢1) for conformers of glycine dipeptide model 1.
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Figure 5). The intensity of the Nuclear Overhauser Effect (NOE)
is directly proportional to the inverse 6th power of the corre-
sponding, weighted proton-proton distance. In sufficiently con-

centrated samples, modern NMR equipment allows for NOE
detection up to a distance of roughly 5 æ. In samples of lower
concentration or in the case of minor conformers such as 1_ct
and 1_tc, the individual cut-off distance can be significantly

shorter because of sensitivity problems. Thus, in the applied
setup for the cis-conformer 1_tc, even a distance of 3.69 æ

(Ha-HNMe) was not detected by NOESY experiments (see the
Supporting Information). As a result, the detected NOE con-
tacts of Ha (tc) and NMe (tc) as well as Ha (ct) and Ace (ct) in-

dicate considerably shorter distances, which is in agreement
with the theoretical Ha-Ace and Ha-NMe distances of 1_tc and

1_ct (2.69 and 2.59 æ). In contrast, in all theoretically calculated
trans-isomer geometries, these distances are larger than 4.5 æ

(see Figure 5 C). Thus, the detected NOE contacts shown in

Figure 5 fully support the population of cis-conformers of pep-
tide 1 in DMSO. Additionally, a comparison of the assigned

structures (see Figure 5 C) shows that only in the ct conformer
is the N-terminal carbonyl group pointing away from the Ca

group and therefore exclusively in this conformer the Ca

carbon should not sense a significant shielding effect of the

carbonyl p-system. If the assignments of 1_tt, 1_tc, and 1_ct
are correct, this must result in a considerably higher 13C chemi-
cal shift of Ca (ct) compared with those of the Ca (tt) and Ca

(tc) conformers. Indeed, the experimental 13C chemical shift of
Ca (ct) (45.2 ppm) is more than 3 ppm higher than in conform-
ers tt (41.8 ppm) and tc (39.4 ppm), which further supports the

conformer assignments. Signal overlap meant that the cis-cis
conformations cannot be excluded experimentally (for details
refer to the Supporting Information). However, theoretical con-
siderations make the population of double cis peptide struc-

ture 1_cc very unlikely.
The thermodynamic constants DGT (change in Gibbs free

energy), DH (change in enthalpy) and DS (change in entropy)
of the equilibrium between the conformers tt and ct as well as
tt and tc of peptide 1 (see Figure 6) were then calculated

Figure 4. A) The 1H NMR spectrum of 1 (600 MHz, 380 mm, [D6]DMSO) shows
several baseline separated signals of the two cis conformers 1_tc and 1_ct
with populations of around 0.5 % relative to the main conformer 1_tt. B) 1H
and 13C chemical shift assignments of 1_tt, 1_tc, and 1_ct [ppm]. Strongly
overlapping signals are marked with “*”, and ambiguous assignments with
“~ ”.

Figure 5. Assignment and structure determination of cis conformers based
on 1D-selective/EXSY spectra. Stacked plots of 1D-selective NOESY spectra
of 1 with increasing mixing time (tm) reveal both unambiguous assignments
by EXSY signals as well as distance information within the cis conformers by
NOESY signals. This is shown for selective irradiation of Ace (ct) in (A) and
for Ha (tc) in (B). C) Selected geometries for dipeptide model 1 optimized at
B3LYP/6-31G(d) together with distances between Ca and methyl group pro-
tons.

Figure 6. Conformer equilibria and NMR spectroscopically determined ther-
modynamic and kinetic constants.
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based on the temperature-dependent population changes
monitored by proton NMR spectroscopy (for details refer to

the Supporting Information). To check the reliability of the
data originating from a combination of very small and very

large integrals for each of the two equilibria, two independent
sets of signals were chosen (amide protons: HNAce (tt), HNMe (tc),
HNAce (ct) ; aliphatic protons: 13C satellite of Ha (tt), Ha (tc), Ace.
(ct)). The temperature dependence of DGT for 1_tt ! 1_tc is
presented in Figure 7, and the thermodynamic and kinetic con-

stants are summarized in Figure 6. For both cis-conformers, the

experimentally determined DH values are very similar (DHtt!
tc = 8�4 kJ mol¢1 and DHtt!ct = 9�5 kJ mol¢1) and the DS
values are small (DStt!tc =¢20�10 J mol¢1 K¢1, DStt!ct =¢10�
10 J mol¢1 K¢1), as expected for a conformer equilibrium. The
experimentally determined DG300K values for both equilibria

(ca. 13 kJ mol¢1) are rather similar to the theoretical values for
C5_ct and C5_tc (DGsol, COSMO-SAC).

The rate constants k were determined based on 1D-selective

NOESY/EXSY spectra in combination with the initial rate ap-
proximation as applied recently for investigations on the for-
mation mechanism of the central organocatalytic enamine in-
termediate.[45] This method is based on the work of Perrin and
Dwyer[46–47] and makes use of the NOESY experiment and the
chemical exchange during the chosen mixing time tm (for de-

tails, additional results applying a 2D NOESY approach as well
as a rate constant cross check, see the Supporting Informa-
tion). Peptide 1 cis-conformer formation rate constants deter-

mined by 1D-selective NOESY and the initial rate approxima-
tion in [D6]DMSO at 303 K[48] are ktt!tc = 0.017�0.006 s¢1 and

ktt!ct = 0.020�0.004 s¢1, respectively. This corresponds to acti-
vation free energies for trans/cis isomerization of DG�

303 of

+ 84 kJ mol¢1 in DMSO, which is a value slightly lower than the

barrier of + 89.1 kJ mol¢1 measured for NMA in water.[34] In the
actual sample at a total concentration of peptide 1 of 380 mm,

this translates into cis-conformer formation rates of approxi-
mately 0.008 mol/(l¢1 s¢1). In other words, within 1 min reac-

tion time, a number of molecules exceeding the whole popula-
tion of the main conformer 1_tt reacts once to a minor cis-

conformer. Therefore, even if the populations of the cis-con-
formers 1_tc and 1_ct are extremely low, they are kinetically
very much accessible.

Collective analysis of experimental and theoretical data

Structural preferences within the 1_tt, 1_ct and 1_tc conform-
ers

The NMR data discussed in the previous section provide sepa-
rated sets of signals for 1_tt, 1_ct, and 1_tc because of the

high isomerization barrier of peptide bonds. The additional
conformations due to rotations around Ca (F and Y) postulat-

ed by the theoretical calculations (see Figure 2) cannot be re-

solved spectroscopically and appear as population-weighted
means in the NMR spectra. To address these additional struc-

tural preferences of 1_tt, 1_ct, and 1_tc in solution, Boltz-
mann-weighted averages of proton–proton distances as well

as 1H and 13C chemical shifts were calculated from the theoreti-
cal models and compared with the experimental data.

A) The best conformation for 1_tt : In terms of DGSol (COSMO-
SAC), C5_tt is predicted to be the best conformer, followed by

b2_tt (see Figure 3). To investigate this further, structural infor-
mation was extracted from proton–proton NOE integrals in

2D-NOESY spectra between the corresponding protons (see
Figure 8 A). The NOE integral between Ha protons to amide

Figure 7. Plots of DG against T for two signal sets (NH, aliphatic) of the equi-
librium 1_tt ! 1_tc. R2 values are 0.51 (NH) and 0.66 (aliphatic).

Figure 8. A) Section of the 2D NOESY spectrum of 1 (380 mm) in [D6]DMSO
at 300 K and a mixing time of 250 ms. B) Comparison of experimentally mea-
sured and theoretically calculated 1H chemical shifts [PCM/DMSO/B3LYP/
PSC4//B3LYP/6-31G(d)] for the amide protons in the all-trans conformer of 1.
C) Boltzmann-averaged (DGSol COSMO-SAC, Figure 3) distance ratios [R(Ha¢
HNAce)/(Ha¢HNMe)] for all-trans conformers of 1. D) Comparison of experimen-
tally measured and theoretically calculated 13C chemical shifts for 1.
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protons (HNAce and HNMe) were used to determine a distance
ratio of 1.03 [R(Ha¢HNMe)/R(Ha¢HNAce)] . A very similar value of

1.06 was obtained by using the Boltzmann-averaged distance
ratio calculated over C7_tt, b2_tt, and C5_tt gas-phase geome-

tries using weighted distances between Ha and amide protons
(HNAce and HNMe, see Figure 8 C). An individual conformer analy-

sis reveals that C5_tt has a distance ratio of 1.11, whereas b2_
tt and C7_tt have distance ratios of 0.82 and 0.95, respectively.
A very similar conclusion can be drawn from analysis of the 1H

chemical shifts of the amide protons of 1_tt. These can be ob-
served experimentally for the all-trans conformer at 8.03 ppm
(HNAce proton), 0.33 ppm downfield from the HNMe proton at
7.7 ppm. Calculated 1H chemical shifts (B3LYP/PCS4/DMSO//

B3LYP/6-31G(d), gas) for the all-trans conformers indicate that
only for the C5_tt conformer does the HNAce signals occur
downfield from the HNMe signals, whereas the reverse order is

predicted for the b2_tt and C7_tt conformers (Figure 8 B).
Taken together, the energetics, structural, and chemical shift

analyses indicates that C5_tt is the preferred conformation for
1_tt in DMSO.

B) The 13C spectral trends in 1: The experimental 13C signals

for the tt, tc, and ct conformers strongly overlap in a number

of instances, which complicates the assignments for the low-
abundant tc and ct isomers. By using the theoretically calculat-

ed 13C chemical shifts shown in Figure 8 D, the assignment of
the cis-peptide conformers can be aided substantially. Calculat-

ed absolute 13C shifts deviate from the experimental values by
2–10 ppm, and the three most relevant regions of the calculat-

ed 13C NMR spectrum for 1 in Figure 8 D with signals for the

carbonyl carbon (C=O), Ca and terminal methyl carbon (Ace
and NMe) are therefore shifted such that the best alignment is

obtained for the 1_tt signals. The theoretical prediction of 13C
shifts for Ace, NMe, and Ca carbon of tt, tc and ct conformers

relative to each other matches the experimentally observed
trends. The calculated values verify the overlapping behavior

of Ace (tc!tt) and NMe(ct!tt) carbon signals. The Ca shifts

for 1_tc and 1_ct relative to that of 1_tt is also supported by
the theoretical results. The 13C shifts calculated for carbonyl

carbon atoms show slightly less satisfactory agreement in an
absolute sense, but again show the same relative order of sig-

nals for each individual conformer.

Force-field based modeling

With accurate gas- and solution-phase information on the con-

formational ordering in dipeptide model 1 in hand, it is possi-
ble to validate the performance of commonly used force fields

developed for the description of polypeptides. We here consid-
er the AMBER94 force field as implemented in MacroMo-

del 10.8,[49] and the AMBER99SB, CHARMM22, CHARMM22C-

MAP, and AMOEBAPRO13 force fields implemented in
Tinker 7.1.[50]

Results for the five best conformations of 1 are collected in
Table 2 together with relative gas-phase enthalpies obtained at

G3(MP2)-RAD level (see the Supporting Information for a full
conformational list). Whereas all force fields reproduce the C7_

tt conformation as the global minimum in the gas phase, the
energy separation to the next best (C5_tt) conformation is

quite variable, with AMBER99SB and CHARMM22 being the

most accurate methods. Energies predicted for the two cis-
peptide conformations (C5_tc and aR_tc) are highly variable,

with the two AMBER force fields considered here being sys-
tematically too unfavorable. Predictions for the C5_tc structure

are quite good with both CHARMM variants, but energies for
the aR_ct structure are either too high (CHARMM22) or too

low (CHARM22CMAP) by 10 kJ mol¢1. A somewhat surprising

finding is that all force fields (except CHARM22CMAP) fail to
locate the ß2_tt structure as a minimum on the potential

energy surface. In conclusion, the performance of the force
fields selected here in reproducing energies of cis-amide struc-

tures in dipeptide model 1 is less than optimal, and the utility
of these approaches in modeling cis peptide structures in pro-

teins is thus quite uncertain.

Conclusion

QM-derived thermochemical data and detailed NMR studies
predict an extended C5_tt conformation for dipeptide model

1 as the preferred conformation in DMSO solution. Isomeriza-
tion of the N- or C-terminal amide bond are both found to be

endergonic by 12 kJ mol¢1 at 300 K, leading to the occurrence
of the trans-cis (tc) and cis-trans (ct) conformations as detecta-

ble species by NMR measurements in [D6]DMSO. Supported by
theoretical chemical shift calculations, this allowed for the

complete assignment of 1H and 13C chemical shift data for
these cis/trans isomers. Temperature-dependent 1H NMR meas-
urements indicate that the cis-trans energy differences are

mainly of enthalpic origin, which is again in line with theoreti-
cal predictions. Experimentally measured trans/cis isomeriza-

tion rate constants show that, irrespective of their low absolute
population, cis peptide conformers are easily accessible kineti-

cally at 300 K. The ability to reproduce the conformational

preferences of dipeptide model 1 with common protein force
fields is limited, showing particular problems with the descrip-

tion of the cis-peptide conformations. This is likely to negative-
ly impact the accurate description of protein folding processes

as well as the description of unfolded protein regions with
these force fields.

Table 2. Relative conformational energies (in kJ mol¢1) for the five best
conformers of 1 calculated with different force fields and the G3(MP2)-
RAD compound method.

Theoretical method C7_tt C5_tt C5_tc b2_tt aR_ct

QM[a] 0.0 + 4.2 + 10.7 + 11.5 + 16.5
AMBER94 0.0 + 8.0 + 18.0 – + 22.6
AMBER99SB 0.0 + 5.1 + 15.8 – + 23.8
AMOBAPRO13 0.0 + 15.6 + 25.6 – + 12.4
CHARMM22 0.0 + 3.9 + 8.4 – + 26.8
CHARMM22CMAP 0.0 + 7.8 + 10.6 + 15.6 + 6.8

[a] DH298 at G3(MP2)-RAD level.
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Experimental Section

Experimental details : Dipeptide 1 (2-acetamino-N-methylaceta-
mide, 380 mm) was prepared inside a melt-sealed standard 5 mm
NMR tube in [D6]DMSO. NMR spectra were recorded with a Bruker
Avance DRX 600 (600.13 MHz) and with a Bruker Avance III 600
(600.25 MHz) spectrometer, with the latter being equipped with
a TCI cryoprobe with z-gradient. All spectra were referenced to the
DMSO residual peaks (1H: 2.50 ppm, 13C: 39.5 ppm).

Computational details : The geometries of all the conformers of
1 were optimized at the B3LYP/6–31G(d) level of theory in the gas
phase.[51–52] The frequency calculations were performed at the
same level of theory and all minima were confirmed with all-posi-
tive frequencies. Single-point calculations were performed at
double hybrid B2-PLYP/G3MP2LARGE,[53] and composite methods
G3(MP3)-RAD,[54] G3B3,[55] and CCSD(T)/CBS.[56–57] For CCSD(T)/CBS,
extrapolations to the complete-basis-set (CBS) limit were carried
out based on the MP2 single-point energies by the two-point ex-
trapolation scheme using cc-pVTZ and cc-pVQZ basis set (see the
Supporting Information for a detailed description).[58] The energies
were calculated for a temperature of 298.15 K in the gas phase
and the thermal corrections to the enthalpy and Gibb’s free energy
were obtained at the B3LYP/6–31G(d) level of theory. Solvent cor-
rections for DGsolv were calculated by using the IEFPCM,[59] SMD,[60]

and COSMO-SAC[61] models in DMSO and subsequently added to
the single-point energy. To calculate nuclear magnetic shielding
values, the specifically optimized pcS-n (PCS2 and PCS4) type basis
sets developed by Jensen were used with the B3LYP, OPBE, OLYP,
and MP2 methods in the gas phase and in DMSO.[62–64] The IEFPCM
is used to model implicit DMSO. The solvation energies using
COSMO-SAC were calculated by using the COSMO-RS module im-
plemented[65–66] in ADF2014 with Gaussian09 generated COSMO
potential and all other calculations were performed by using Gaus-
sian09, Rev. D.01.[67]
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2.1 Supporting Information  

For: Conformational Preferences in Small Peptide Models: The Relevance of cis/trans
Conformations 
 
 
 
 

2.1.1 Technical Details 

Force field-based calculation: Maestro 10.2, MacroModel1 and Tinker 7.12 were employed for 
molecular mechanics (MM)-based conformational searches using the AMBER94, AMBER99SB, 
MM3*, OPLS_2005, MMFFs, AMOBAPRO13, CHARMM22, and CHARMM22CMAP force 
field (FF) parameters. 
Quantum mechanics calculations: The geometries of all conformers of 2-acetamino-N-
methylacetamide (1) were optimized at the B3LYP/6-31G(d) level of theory in the gas phase.3 The 
frequency calculations were performed at the same level of theory and all minima were confirmed 
with all positive frequencies. Single point calculations were done at double hybrid B2-
PLYP/G3MP2LARGE,4 composite methods G3(MP3)-RAD,5 G3B36 and CCSD(T)/CBS7 on 
B3LYP/6-31G(d) optimized geometries. 
 
G3(MP2)-RAD scheme: 
E(G3(MP2)-RAD) = E(CCSD(T)/6-31G(d)) + (MP2/G3MP2large - MP2(FC)/6-31G(d)) (1) 
 
G3B3 scheme:  
E(G3B3) = E(QCISD/6-31G(d)) + DE(+) + DE(2df,p) + DE(G3large) (2) 
DE(+) = E(MP4/6-31+G(d)) - E(MP4/6-31G(d)) (3) 
DE(2df,p) = E(MP4/6-31G(2df,p)) - E(MP4/6-31G(d)) (4) 
DE(G3large) = E(MP2/G3large) - E(MP2/6-31G(2df,p)) - E(MP2/6-31+G(d)) + E(MP2/6-31G(d)) (5) 
 
CCSD(T)/CBS scheme: 
Extrapolations to the complete-basis-set (CBS) limit for CCSD(T) were carried out via separate 
extrapolation of HF and MP2 correlation energies by the two-point extrapolation scheme using cc-
pVTZ and cc-pVQZ basis set.8 

6) 

  (7) 

  (8) 
  (9) 

 
The energies were calculated for a temperature of 298.15 K in the gas phase and the thermal 

-31G(d) level of 
theory. ZPE corrections were scaled by a factor of 0.9806 and 0.960 for G3(MP2)-RAD and G3B3 
respectively. For isotropic chemical shieldings, the specifically optimized pcS-4 basis set developed 
by Jensen was used with B3LYP in the gas phase and in DMSO.9 The IEFPCM10 model is used for 
modelling implicit DMSO. The Gsolv was calculated at using IEFPCM  and 
COSMO-RS11 models in DMSO and subsequently added to the single point energy. The solvation 
energies using COSMO-SAC were calculated using COSMO-RS module implemented in 
ADF201412 with Gaussian09 generated COSMO potential and all other calculations are performed 
using Gaussian09, Rev. D.01.13 
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2.1.2 Procedure for Conformational Search 

 
Figure S2-1. [Figure S1] The systematic diagram of 2-acetamino-N-methylacetamide, referred to 
as glycine dipeptide (1) in the text. 
 
Table S2-1. [Table S1] Definitions and markers used for the nomenclature in classifying the peptide 
geometry. 

  Backbone C alpha(C ) geometry marker 
0.0  120.0 0.0  120.0 L 

120.0  240.0 0.0  120.0 2 
240.0  360.0 0.0  120.0 C7,eq 

0.0  120.0 120.0  240.0 D 
120.0  240.0 120.0  240.0 C5 
240.0  360.0 120.0  240.0  

0.0  120.0 240.0  360.0 C7,ax 
120.0  240.0 240.0  360.0  
240.0  360.0 240.0  360.0 R 

In case of glycine dipeptide C7,eq = C7,ax= C7, 2 , D= , L= D;   Peptide bond conformation marker: trans (t) = 
180o ±15o   &   cis (c)= 0o ±15o

2.1.2.1 Systematic search (SS) procedure 

To explore the conformational space of glycine dipeptide 1 in a systematic manner, four dihedral 
angles mentioned in Figure S2-1 , CNC N 1 (N terminal peptide 
bond) 2 (C terminal peptide bond) were varied in a systematic way. To obtain initial 
geometries, dihedral angle  is varied from 0 to 180 with a 10 degree interval, for each value of  
the dihedral angle  is varied from 0 to 180 with a 10 degree interval and finally for each 
combination of and , four combinations of 1 and 2 were used [(180, 180), (180,0), (0, 180) 
and (0, 0)]. All other distances, angles, and dihedrals needed to define the geometry of 1 have been 
taken from its extended C5, all trans conformer that is optimized at B3LYP/6-31G(d) level in the 
gas phase. The above specified systematic variations generated 1444 ( 1 2, 19*19*2*2) 
initial geometries. These structures were subject to optimization at B3LYP/6-31G(d) level in the 
gas phase. This leads to 30 unique conformers, after removing duplicates and other modified 
structures resulted from different bond formation during optimization. These 30 structures were 
further screened using frequencies calculated at B3LYP/6-31G(d) level, to characterize these 
stationary points as true minima, transitional states and saddle points of different order. Finally, this 
exercise leads to 14 unique true minima on the PES of glycine dipeptide 1 (Table S2-2) and 16 other 
stationary points. 

2.1.2.2 Force field-based approach 

Maestro 10.2.011, MacroModel, and Tinker 7.1 were employed for molecular mechanics (MM)-
based conformational searches using the AMBER94, AMBER99SB, MM3*, OPLS_2005, MMFFs, 
AMOBAPRO13, CHARMM22 and CHARMM22CMAP force field (FF) parameters. For 
MacroModel the mixed torsional/low-mode sampling method with extended torsion sampling 
options were chosen for conformational sampling. An energy window of 63 kJ/mol (~15 kcal/mol) 
was used for exploring the potential energy surface of glycine dipeptide 1. Scheme S2-1 depicts the 
strategy to explore the conformation space using force field based molecular mechanics. For Tinker, 
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the protein module is used to generate initial structures that were later subjected to conformational 
searches using the scan module with an energy window of 20 kcal/mol. Other criteria are set as 
follows: automatic selection of torsion angle (0), search direction is set to 5 with a convergence 
criterion of 0.0001 kcal/mol. A collective pool of different structures was obtained with the 
AMBER94, MM3*, OPLS_2005 and MMFFs force fields-based conformation search. All 
conformers were then subjected to optimization with the B3LYP/6-31G(d) hybrid functional in the 
gas phase. To get the final conformational space, duplicate minima were removed from the 
optimized conformation pool obtained in the last step.   
 

 
Scheme S2-1. [Scheme S1] Strategy for force field-based conformation search. 

 

2.1.3 Energies and Structural Parameters for Glycine Dipeptide 1 

2.1.3.1 Gas phase calculations 

 
Figure S2-2. [Figure S2] A comparison of relative energies [1

298 at G3(MP2)-RAD for QM and 
2Potential Energy (PE) for FF] and structural information (  
glycine dipeptide 1. 
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Table S2-2. [Table S2] List of minima for 1 at B3LYP/6-31G(d) level in the gas phase, located by a systematic conformational search. 
Marker Molecule1 Low Frequency   B3LYP\6-31G(d)   1 2 C  Peptide E 
1 Gly_0_30_180_180 -8 -6 0 0.170862 0.122111 -456.5375163 82 292 174 184 C7 tt 0.0 
2 Gly_20_160_180_180 -10 -3 -3 0.170286 0.118913 -456.5361652 180 180 180 180 C5 tt 3.5 
3 Gly_0_40_180_180 0 0 0 0.170546 0.120943 -456.5333573 123 338 188 176  tt 10.9 
4 Gly_0_160_180_0 -5 0 0 0.170278 0.119786 -456.5331903 180 180 180 4 C5 tc 11.4 
5 Gly_20_40_0_180 -4 0 0 0.170461 0.121583 -456.5302838 94 2 6 182  ct 19.0 
6 Gly_50_0_180_0 -9 -5 -3 0.170901 0.121606 -456.5298830 94 243 164 1 C7 uc 20.0 
7 Gly_180_90_0_180 0 0 0 0.170076 0.119908 -456.5288423 180 180 360 180 C5 ct 22.8 
8 Gly_20_180_0_180 -8 -4 0 0.170384 0.121386 -456.5270436 75 152 349 178  ct 27.5 
9 Gly_180_130_0_0 -12 -11 -2 0.169940 0.120317 -456.5257541 180 180 360 4 C5 cc 30.9 
10 Gly_40_170_0_0 -9 -8 0 0.170227 0.121536 -456.5227786 71 170 347 3  cc 38.7 
11 Gly_20_60_0_0 -12 0 0 0.170463 0.121897 -456.5215423 77 71 358 6  cc 41.9 
12 Gly_20_40_180_0 -14 -2 0 0.170221 0.120072 -456.5206067 70 43 186 4  tc 44.4 
13 Gly_180_60_0_0 -4 0 0 0.170490 0.121543 -456.5203164 197 64 350 356  cc 45.2 
14 Gly_170_20_0_0 -10 -3 0 0.170403 0.121061 -456.5200926 208 65 351 4  cc 45.7 

1Notation specifies the starting geometry in the 1 2. 

 

Table S2-3. [Table S4] Starting conformations and relative energies (in kJ/mol) for conformers of 1 calculated with different force fields and the G3(MP2)-
RAD compound method. 

G3(MP2)-RAD AMBER94 AMBER99SB AMOBAPRO13 CHARMM22 CHARMM22CMAP 

Marker Conf. H298 No. Conf. 
Rel. 

Pot. E 
No. Conf. 

Rel. 
Pot. E 

No. Conf. 
Rel. 

Pot. E 
No. Conf. 

Rel. 
Pot. E 

No. Conf. 
Rel. 

Pot. E 
1 C7_tt 0.0 1 C7_tt 0.0 4 C7_tt 0.0 3 C7_tt 0.0 4 C7_tt 0.0 6 C7_tt 0.0 
2 C5_tt 4.2 2 C5_tt 8.0 1 C5_tt 5.1 5 C5_tt 15.6 1 C5_tt 3.9 1 C5_tt 7.8 
3  11.5 - - - - - - - - - - - - 19  15.6 
4 C5_tc 10.7 3 C5_tc 18.0 3 C5_tc 15.8 13 C5_tc 25.6 3 C5_tc 8.4 3 C5_tc 10.6 
5  16.5 4  22.6 7  23.8 7  12.4 6  26.8 27  6.8 
6 C7_tc 19.6 5 C7_tc 25.3 9  22.1 18  11.7 7 C7_tc 16.1 22 C7_tc 19.0 
7 C5_ct 23.7 6 C5_ct 32.6 2 C5_ct 30.1 16 C5_ct 35.4 2 C5_ct 25.6 2 C5_ct 27.9 
8  26.9 7  39.9 6  34.8 2  20.1 - - - 11  23.6 
9 C5_cc 30.3 8 C5_cc 41.4 5 C5_cc 39.8 12 C5_cc 46.2 5 C5_cc 29.0 9 C5_cc 31.3 
10  36.2 11  48.7 10  44.5 6  31.7 10  42.5 15  26.9 
11  39.0 9  45.9 11  47.2 14  27.0 11  38.4 30  34.1 
12  38.8 - - - 8  42.9 17  22.9 - - - 24  39.3 
13  42.5 10  47.8 - - - - - - 9  34.6 49  40.1 
14  41.6 - - - 12  52.8 15  42.9 - - - 32  39.8 
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2.1.3.2 Effects of solvent on the conformational preference 

 
Table S2-4. [Table S7] Rel. G298 plus solvation energies (kJ/mol) for 1 in DMSO using the 
COSMO-SAC, IEFPCM and SMD solvation models. 

SI Conf. 
G298 

G3(MP2)-RAD 
(kJ/mol) 

GSol 
B3LYP/6-31G(d), 

COSMO-SAC 
HF/6-31G(d), 

IEFPCM, UAHF 
HF/6-31G(d), 

SMD 
1 C7_tt 2.7 8.0 16.7 15.7 
2 C5_tt 0.0 0.0 0.0 0.0 
3 C5_tc 8.8 12.3 8.6 9.1 
4  11.9 4.7 6.1 7.2 
5  18.8 17.3 12.9 14.2 
6 C7_uc 20.9 27.3 26.1 25.3 
7 C5_ct 22.7 12.1 11.7 13.1 
8  29.0 13.4 13.6 15.2 
9 C5_cc 30.7 23.8 19.4 20.5 
10  39.0 26.5 21.5 24.2 
11  42.1 37.0 34.6 36.2 
12  37.8 15.2 18.7 20.9 
13  42.7 39.2 34.2 35.9 
14  44.6 39.5 37.5 38.8 

 
 

Table S2-5. [Table S8] A list of 1 conformers obtained through optimization in implicit DMSO 
using the IEFPCM model at B3LYP\6-31G(d) level and solvation energies ( Gsolv) calculated at 
HF/6-31G(d) level using UAHF radii. 

SI. Marker   1 2  Peptide Rel. E 
Gsolv 

DMSO 
1 2 176.0 190.1 182.1 178.8 C5 tt 0.0 -161.4 
2 1 103.4 355.8 181.8 178.0 C7 tt 2.0 -172.8 
3 29 289.6 158.7 184.7 179.1  tt 3.7 -175.6 
4 21 75.8 161.2 351.8 180.0  ct 9.4 -180.9 
5 20 178.1 190.6 2.5 181.8 C5 ct 10.8 -173.8 
6 19 94.4 357.7 359.5 181.5 C7 ct 11.2 -170.8 
7 5 95.4 356.4 359.3 180.4 C7 ct 11.8 -168.5 
8 30 272.2 186.3 186.4 359.4  tc 11.9 -178.7 
9 12 64.8 49.4 178.8 2.8  tc 24.3 -182.1 
10 11 81.5 72.2 357.5 4.9  cc 31.8 -168.2 
11 14 213.3 56.9 354.4 2.8  cc 37.1 -169.4 

30 conformers that are located using the systematic search approach as described in the previous 
section, were subject to re-optimization at B3LYP\6-31G(d) level under implicit solvent conditions. 
DMSO is used as a solvent with the IEFPCM model and UAHF radii. Only true minima are reported 
and marker entries in the tables can be used to trace the starting gas phase stationary point that later 
converged to the respective minima under implicit solvation re-optimization.  
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2.1.4 Calculated Isotropic Shielding  

 

                                               

Figure S2-3. [Figure S4] Diagram of tetramethylsilane (TMS) and Ace-Gly-NMe (1), atoms are 
marked with numeric label. TMS is used as the reference for the calculation of chemical shifts.  

 

 
Figure S2-4. [Figure S5] Comparison of the experimentally measured and theoretically calculated 
13C chemical shifts for 1 at different levels of theory using geometries optimized at B3LYP/6-
31G(d) level in the gas phase. The conformers are weighted using Boltzmann avg. populations 

G298 energies at G3(MP2)-RAD level. 

TMS Ace-Gly-NMe 
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Table S2-6. [Table S15] Isotropic shielding values for TMS at different levels of theory using the gas phase B3LYP/6-31G(d) geometry. See Figure S2-3 
for labels. 

Label 1 2 6 10 14 3 4 5 7 8 9 11 12 13 15 16 17 Avg. Signal 
Symbol Si C C C C H H H H H H H H H H H H C H 

B3LYP/PCS4, Gas 321.9 179.6 179.6 179.6 179.6 31.5 31.5 31.4 31.4 31.5 31.5 31.4 31.5 31.4 31.5 31.4 31.4 179.6 31.4 
B3LYP/PCS4, DMSO 321.6 180.9 180.8 180.8 180.8 31.4 31.4 31.4 31.4 31.4 31.4 31.4 31.4 31.4 31.4 31.4 31.4 180.8 31.4 
MP2/PCS2, Gas 358.4 196.2 196.1 196.2 196.2 31.4 31.4 31.4 31.4 31.4 31.4 31.4 31.4 31.4 31.4 31.4 31.4 196.2 31.4 
MP2/PCS2, DMSO 358.1 197.3 197.3 197.3 197.3 31.3 31.3 31.3 31.3 31.3 31.3 31.3 31.3 31.3 31.3 31.3 31.3 197.3 31.3 
OPBE/PCS4, Gas 351.4 184.7 184.7 184.7 184.7 31.3 31.3 31.3 31.3 31.3 31.3 31.3 31.3 31.3 31.3 31.3 31.3 184.7 31.3 
OLYP/PCS4, Gas 337.2 180.8 180.8 180.8 180.7 31.4 31.4 31.4 31.4 31.4 31.4 31.4 31.4 31.4 31.4 31.4 31.4 180.8 31.4 

 

Table S2-7. [Table S16] Isotropic shielding values for 1 calculated at B3LYP/PCS4//B3LYP/6-31G(d) level in the gas phase. See Figure S2-3 for labels. 
 Label-> 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 

FileName Conf. C N C C N H O C H H H O H C H H H H H 
Gly_0_30_180_180 C7_tt 126.8 115.2 -1.3 -3.7 127.8 25.6 -74.3 155.1 29.4 30.0 29.4 -81.3 24.0 153.4 27.3 29.2 29.2 28.5 27.0 
Gly_0_40_180_180  131.0 117.9 0.1 -0.5 138.0 26.2 -94.0 154.9 29.3 30.0 29.4 -70.7 25.7 153.2 27.1 29.2 29.2 28.3 26.4 
Gly_20_160_180_180 C5_tt 131.6 125.4 -0.6 0.7 136.2 24.7 -94.4 155.6 29.8 29.5 29.5 -60.5 26.7 152.7 29.1 27.0 29.1 27.6 27.6 
Gly_0_160_180_0 C5_tc 132.7 124.1 -3.5 0.5 137.5 24.5 -94.3 155.5 29.5 29.8 29.5 -72.2 26.5 149.2 28.6 28.5 28.8 27.6 27.5 
Gly_20_40_180_0  128.0 122.1 -0.3 0.1 138.3 26.1 -112.7 155.9 29.4 30.0 29.5 -106.4 26.7 146.2 28.3 28.5 28.8 28.1 27.3 
Gly_50_0_180_0 C7_uc 136.6 116.9 -4.9 -2.4 134.4 25.5 -86.0 154.9 29.5 29.9 29.5 -74.6 26.7 147.6 27.1 28.9 28.6 28.7 26.6 
Gly_180_90_0_180 C5_ct 129.7 131.6 1.6 1.2 137.3 25.3 -109.3 155.4 29.6 29.6 29.6 -68.5 26.9 152.4 27.0 29.1 29.1 27.6 27.6 
Gly_20_180_0_180  127.4 125.7 -1.2 -5.5 137.5 26.8 -127.0 157.7 29.0 29.7 29.6 -77.9 26.7 152.5 27.1 29.1 29.1 28.2 27.6 
Gly_20_40_0_180  126.8 124.0 1.0 -3.9 135.8 26.4 -123.0 157.5 29.6 29.5 29.6 -59.6 25.2 153.1 29.1 27.1 29.1 27.9 27.6 
Gly_170_20_0_0  125.6 125.5 -1.2 -2.0 134.3 26.8 -120.9 156.7 29.5 29.5 29.5 -113.7 26.6 146.6 28.3 28.5 28.8 27.3 27.7 
Gly_180_130_0_0 C5_cc 130.7 130.0 -1.2 1.0 139.4 25.2 -110.4 155.3 29.5 29.5 29.5 -81.0 26.5 149.3 28.6 28.6 28.7 27.6 27.5 
Gly_180_60_0_0  125.4 125.3 -2.1 -2.8 133.7 26.7 -125.8 156.7 29.6 29.5 29.5 -119.9 26.7 148.5 27.9 28.6 28.8 27.5 27.8 
Gly_20_60_0_0  128.3 126.8 -2.7 -3.9 135.4 26.4 -117.4 156.6 28.8 29.5 29.7 -111.2 26.7 147.1 28.3 28.5 28.7 27.7 27.6 
Gly_40_170_0_0  129.8 130.7 -2.9 -5.5 140.5 26.8 -127.9 158.0 29.4 29.7 29.6 -97.1 26.6 148.5 28.5 28.5 28.7 27.8 27.6 

 

Table S2-8. [Table S17] Isotropic shielding values for 1 calculated at B3LYP/PCS4, DMSO//B3LYP/6-31G(d) level using gas phase geometries. IEFPCM 
is used to model implicit DMSO. See Figure S2-3 for labels. 

 Label-> 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 
FileName Conf. C N C C N H O C H H H O H C H H H H H 

Gly_0_30_180_180 C7_tt 128.7 107.4 -8.5 -7.7 120.7 23.6 -27.1 155.8 29.4 29.5 29.4 -22.2 23.1 154.9 27.6 28.9 29.0 27.5 26.1 
Gly_0_40_180_180  131.6 108.6 -7.5 -6.5 129.4 24.1 -26.6 155.4 29.3 29.4 29.5 -2.4 23.9 154.7 27.4 29.0 28.9 27.3 25.8 
Gly_20_160_180_180 C5_tt 132.9 113.2 -5.5 -3.2 130.5 23.2 -26.8 155.9 29.4 29.5 29.5 -6.0 24.5 154.2 28.9 27.3 28.9 26.6 26.6 
Gly_0_160_180_0 C5_tc 133.9 112.6 -9.0 -3.5 128.6 23.1 -27.6 155.8 29.5 29.4 29.5 -11.5 24.8 150.7 28.5 28.3 28.5 26.5 26.4 
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Gly_20_40_180_0  129.0 109.5 -9.7 -6.6 125.5 23.8 -35.3 156.2 29.4 29.4 29.5 -24.0 25.0 148.0 28.3 28.2 28.6 26.5 26.8 
Gly_50_0_180_0 C7_uc 137.8 110.3 -11.2 -7.2 125.7 23.7 -37.8 155.4 29.5 29.4 29.4 -11.0 25.0 148.3 27.4 28.6 28.3 27.5 25.8 
Gly_180_90_0_180 C5_ct 131.3 117.8 -4.8 -5.5 132.1 24.2 -28.3 155.4 29.2 29.2 29.8 -6.1 24.6 154.1 27.4 28.9 28.9 26.4 26.4 
Gly_20_180_0_180  129.6 112.4 -7.6 -13.5 130.8 25.1 -52.4 157.0 28.9 29.0 29.9 -12.0 24.5 154.2 27.4 28.9 28.9 26.7 26.4 
Gly_20_40_0_180  127.4 111.2 -6.8 -10.7 128.2 24.6 -45.9 157.3 29.3 29.1 29.9 9.2 23.6 154.7 28.9 27.4 28.9 26.8 26.6 
Gly_170_20_0_0  127.1 113.8 -9.0 -9.0 123.2 25.1 -43.6 156.5 29.2 28.9 29.8 -35.7 24.9 148.4 28.4 28.2 28.5 26.0 27.0 
Gly_180_130_0_0 C5_cc 132.1 117.0 -8.2 -5.8 130.2 24.1 -29.5 155.3 29.1 29.1 29.8 -11.3 24.8 150.8 28.5 28.4 28.5 26.3 26.2 
Gly_180_60_0_0  126.9 113.5 -10.1 -9.8 123.5 25.1 -47.5 156.5 29.2 29.0 29.8 -42.0 25.0 149.6 27.8 28.4 28.6 26.2 27.1 
Gly_20_60_0_0  130.4 112.5 -9.8 -10.0 124.3 24.5 -44.0 156.6 28.7 29.0 29.9 -42.0 25.0 148.8 28.4 28.1 28.5 26.3 26.8 
Gly_40_170_0_0  131.3 116.6 -10.4 -13.9 130.9 25.1 -52.5 157.3 29.3 29.1 29.9 -20.0 24.9 150.1 28.4 28.3 28.5 26.4 26.3 

 

Table S2-9. [Table S18] Isotropic shielding values for 1 calculated at OPBE/PCS4//B3LYP/6-31G(d) level in the gas phase for tt, tc and ct conformers. 
See Figure S2-3 for labels. 

 Label-> 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 
FileName Conf. C N C C N H O C H H H O H C H H H H H 

Gly_0_30_180_180 C7_tt 133.7 121.6 16.7 14.8 132.2 25.3 -53.3 161.4 29.3 29.8 29.3 -62.0 23.8 158.0 27.2 29.1 29.1 28.3 26.8 
Gly_0_40_180_180  137.3 124.3 17.5 17.1 142.9 25.9 -71.4 161.2 29.2 29.7 29.3 -50.0 25.5 157.8 27.0 29.1 29.1 28.1 26.2 
Gly_20_160_180_180 C5_tt 137.5 131.1 16.7 18.4 141.4 24.4 -75.2 161.8 29.6 29.4 29.4 -39.6 26.4 157.2 29.0 26.9 29.0 27.4 27.4 
Gly_0_160_180_0 C5_tc 138.4 130.0 14.2 18.1 141.9 24.3 -75.1 161.7 29.4 29.6 29.4 -53.4 26.3 153.9 28.4 28.3 28.6 27.4 27.3 
Gly_20_40_180_0  134.7 128.4 17.4 17.7 142.4 25.7 -89.6 162.2 29.3 29.7 29.4 -85.5 26.6 151.6 28.2 28.4 28.7 27.9 27.1 
Gly_50_0_180_0 C7_uc 143.1 123.0 13.5 15.7 139.0 25.2 -66.5 161.2 29.4 29.7 29.4 -59.4 26.5 152.7 27.0 28.8 28.5 28.5 26.4 
Gly_180_90_0_180 C5_ct 135.5 135.8 18.6 18.8 142.3 25.1 -87.5 161.5 29.5 29.5 29.5 -45.9 26.5 157.0 26.9 28.9 28.9 27.4 27.4 
Gly_20_180_0_180  134.3 130.8 16.3 12.2 142.8 26.6 -105.1 163.9 28.9 29.5 29.6 -57.7 26.4 157.2 27.0 29.0 29.0 27.9 27.3 
Gly_20_40_0_180  133.2 129.1 18.5 14.0 140.8 26.2 -100.5 163.7 29.5 29.4 29.5 -39.8 24.9 157.7 29.0 27.0 29.0 27.7 27.4 

 

Table S2-10. [Table S19] Isotropic shielding values for 1 calculated at OLYP/PCS4//B3LYP/6-31G(d) level in the gas phase for tt, tc and ct conformers. 
See Figure S2-3 for labels. 

 Label-> 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 
FileName Conf. C N C C N H O C H H H O H C H H H H H 

Gly_0_30_180_180 C7_tt 128.5 117.3 10.6 9.0 128.6 25.3 -56.9 157.4 29.4 29.8 29.4 -64.6 23.9 154.2 27.3 29.1 29.2 28.5 26.9 
Gly_0_40_180_180  132.6 119.3 11.9 11.4 139.1 26.0 -73.2 157.2 29.3 29.8 29.4 -52.6 25.6 153.9 27.1 29.1 29.1 28.2 26.3 
Gly_20_160_180_180 C5_tt 133.1 126.8 11.0 12.6 137.0 24.6 -77.3 157.9 29.7 29.5 29.5 -42.6 26.5 153.4 29.0 27.0 29.0 27.5 27.5 
Gly_0_160_180_0 C5_tc 134.1 125.6 8.5 12.3 137.3 24.5 -77.3 157.7 29.5 29.7 29.5 -55.4 26.4 149.8 28.5 28.4 28.7 27.5 27.4 
Gly_20_40_180_0  129.8 123.8 11.7 11.9 137.9 25.8 -91.6 158.3 29.4 29.8 29.5 -87.7 26.7 147.2 28.2 28.4 28.7 27.9 27.2 
Gly_50_0_180_0 C7_uc 138.5 118.5 7.5 9.9 134.8 25.3 -68.9 157.2 29.5 29.8 29.5 -60.2 26.6 148.5 27.1 28.9 28.5 28.6 26.5 
Gly_180_90_0_180 C5_ct 130.9 131.1 12.9 13.2 138.0 25.2 -89.1 157.5 29.5 29.5 29.6 -49.4 26.7 153.2 27.0 29.0 29.0 27.5 27.5 
Gly_20_180_0_180  129.5 125.3 10.4 6.5 138.9 26.7 -107.2 160.0 28.9 29.6 29.7 -60.4 26.6 153.3 27.0 29.0 29.1 28.0 27.5 
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Gly_20_40_0_180  128.2 123.8 12.8 8.3 137.0 26.3 -102.3 159.8 29.6 29.4 29.6 -42.4 25.1 153.9 29.0 27.1 29.0 27.8 27.5 

 
 

Table S2-11. [Table S20] Isotropic shielding values for 1 calculated at MP2/PCS2//B3LYP/6-31G(d) level in the gas phase for tt, tc and ct conformers. 
See Figure S2-3 for labels. 

Label-> 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 
Conf. C N C C N H O C H H H O H C H H H H H 

C7_tt 142.4 143.6 20.6 18.8 157.7 25.7 -26.0 170.2 29.4 30.1 29.4 -27.6 24.3 168.4 29.1 27.4 29.2 28.5 27.1 
C5_tt 148.0 154.3 21.5 22.9 165.7 25.0 -41.7 170.6 29.9 29.5 29.5 -10.4 26.7 167.7 29.0 27.1 29.0 27.8 27.8 
B2_tt 147.2 147.6 22.4 22.5 167.6 26.5 -41.3 170.1 29.4 29.3 30.1 -19.0 25.9 168.2 29.1 29.1 27.2 28.3 26.5 
C5_tc 149.1 153.1 18.8 22.7 166.8 24.9 -41.5 170.5 29.5 29.9 29.5 -22.1 26.5 164.2 28.7 28.5 28.6 27.7 27.6 
C7_tc 151.9 146.2 17.1 20.1 164.1 25.6 -35.9 170.1 29.5 30.0 29.5 -24.3 26.8 162.5 28.9 27.2 28.6 26.7 28.7 
aR_tc 143.8 150.9 22.2 23.0 168.3 26.4 -57.8 170.9 30.1 29.4 29.4 -53.2 26.8 161.2 28.4 28.8 28.5 28.0 27.4 
aR_ct 142.8 154.2 23.1 19.3 165.7 26.5 -69.4 172.8 29.6 29.5 29.7 -8.6 25.4 168.1 29.1 27.2 29.0 28.0 27.7 
C5_ct 146.1 161.6 23.8 23.6 167.0 25.5 -56.6 170.7 29.6 29.6 29.6 -16.3 26.9 167.5 29.0 29.0 27.1 27.8 27.8 
B_ct 143.2 155.7 21.3 17.8 166.9 26.9 -73.8 172.8 29.7 29.6 29.1 -24.6 26.9 167.6 29.1 29.1 27.1 27.7 28.3 

 

Table S2-12. [Table S21] Isotropic shielding values for 1 calculated at MP2/PCS2,DMSO//B3LYP/6-31G(d) level using gas phase geometries for tt, tc 
and ct conformers. See Figure S2-3 for labels. 

Label-> 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 
Conf. C N C C N H O C H H H O H C H H H H H 

C7_tt 144.3 135.6 12.6 13.8 150.0 23.7 14.9 170.9 29.4 29.5 29.4 20.7 23.3 169.7 28.8 27.6 28.9 27.4 26.2 
C5_tt 149.3 142.1 15.6 17.7 159.1 23.4 16.6 171.0 29.5 29.5 29.5 36.1 24.5 169.1 28.8 27.3 28.8 26.7 26.7 
B2_tt 147.8 138.1 13.8 15.1 158.2 24.3 15.8 170.5 29.5 29.3 29.5 38.7 24.0 169.5 28.9 28.8 27.4 27.3 25.9 
C5_tc 150.3 141.7 12.1 17.5 157.3 23.4 16.1 170.9 29.4 29.5 29.4 30.3 24.8 165.6 28.4 28.3 28.5 26.6 26.4 
C7_tc 153.1 139.6 9.8 14.3 154.5 23.8 4.5 170.6 29.5 29.5 29.4 30.7 25.0 163.2 28.5 27.5 28.3 25.9 27.5 
aR_tc 144.9 138.2 11.4 14.9 155.2 24.0 8.0 171.2 29.5 29.4 29.5 16.7 25.0 162.8 28.3 28.5 28.2 26.4 26.9 
aR_ct 143.6 141.6 14.3 11.1 157.1 24.6 -4.8 172.7 29.8 29.1 29.3 49.9 23.7 169.5 28.8 27.4 28.8 26.8 26.7 
C5_ct 147.6 147.9 16.3 15.5 160.7 24.4 12.3 170.8 29.8 29.1 29.1 36.3 24.6 169.0 28.8 28.8 27.4 26.5 26.5 
B_ct 145.4 142.8 13.6 8.4 159.1 25.1 -11.7 172.3 29.0 29.8 28.9 31.9 24.6 169.1 28.9 28.8 27.4 26.5 26.8 
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3.1 Supporting Information  

For: Electrostatic Effects on The Stability of Peptide Radicals 
 
 
 

3.1.1 Introduction 

3.1.1.1 Naming conventions used in the SI 

1) Glycine dipeptide (Gly, 1) and its C  radical (rGly, r1) 
2) Methane (CH4, 2) and methyl radical (CH3, r2) 
3) Complex of 1/r1 with ions is denoted as 1/r1+Cl- and 1/r1+Na+  
4) External Electric Field (EEF) 
5) Point Charge (PC) 
6) Radical Stabilization Energy (RSE) 
7) Charge-induced Radical Stabilization Energy (ciRSE) 
8) Closed Shell Complexation Energy (CSCE) 
9) Radical Complexation Energy (RCE) 
10) Total Electronic Energy ( Etot) 
11) Gibbs free energy ( G298) 
12) Enthalpy ( H298) 
13) Thermal correction of enthalpy (corr. H) and for Gibbs free energy (corr. G) 

3.1.1.2 Methodology 

Force field-based calculations: MacroModel1 module of Maestro 10.2, was employed for molecular 
mechanics (MM)-based conformational search using the OPLS 2005 force field. 
Quantum mechanics calculations: The geometries of the C5 conformer of 1/r1 were optimized at 
the (U)B3LYP/6-31G(d)2 level of theory in the gas phase. Single point calculations were done at 
(U)B3LYP/6-31G(d), (U)M06-2X/6-31+G(d)3, double hybrid (RO)B2-PLYP/G3MP2Large4, 
composite methods G3(MP3)-RAD5, and G3B36 on the frozen coordinates of 1/r1 in the presence 
of an external ion, point charge and electric field. The initial investigation is conducted on the 1/r1 
+ ion (Cl-/Na+) system for selected ion orientations along the ± xyz axes as explained in section 
3.1.3, to identify a suitable level of theory for further exploring the effects of remote charge on the 
stability of C  radicals in dipeptides. The energies were calculated for a temperature of 298.15 K in 

btained at 
the (U)B3LYP/6-31G(d) level of theory. ZPE corrections were scaled by factors of 0.9806 and 
0.960 for G3(MP2)-RAD and G3B3 calculations, respectively. All calculations were performed 
using Gaussian09, Rev. D.01.7 

3.1.1.3 Stabilization of radical r1 

The stability of C  radical of 2-acetamino-N-methylacetamide (glycine dipeptide radical, r1) is 
measured in reference to a methyl radical (r2) using the isodesmic hydrogen exchange reaction 
shown in eq. 1a, and the reaction energy is termed as the radical stabilization energy (RSE). In case 
of Boltzmann averaged RSE values, the conformationally avg. energy values of 1/r1 are used to 
determine the RSE.1 For the purpose of this study, only all-trans extended C5 conformations were 
chosen for both 1 and r1. The symmetrical nature of C5 is very helpful for this study. To determine 
the influence of external charges on the stability of the C  radical, both 1 and r1 are complexed with 
an external ions and the RSE is calculated using these complexed system as shown in eq. 1b in 
Figure S3-1.  
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Figure S3-1. [Figure S1] Isodesmic reactions used to calculate the stability of radical r1 and its 
chloride anion-complexed derivative (r1+Cl-). 

The difference between eqs.1a and 1b is termed the charge-induced radical stabilization energy 
(ciRSE) as it expresses the influence of external charge on the C-H bond strength at C  of 1. The 
ciRSE is defined as stated in eq. 1c. Positive ciRSE values can be interpreted as an increase in bond 
strength of the C-H bonds at C  of 1, and vice-versa for negative values. For complexation, the ion 
is placed around 1/r1 in a fixed orientation that is not subjected to geometry optimization. Hence, 
the ciRSE values are calculated in terms of total energies ( Etot) rather enthalpy ( H) or free 
energy( G). 

3.1.1.4 Glycine radical enzymes (GREs) 

 

 
Figure S3-2. [Figure S2] Snapshots of active site glycine residues and their neighbouring 
environment in GREs. 
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Table S3-1. [Table S1] Geometrical details of the active site glycine residue in GREs. 

SI Enzyme Database ID Radical site sequence 
In PDB After Opt. at B3LYP/6-31G(d,p) 

  C  Conf.   C  Conf. 

1 Pfl RPDB 1H16 SER-GLY734(R)-TYR 135.6 2 2

2 Gdh RPDB 1R8W ALA-GLY763(R)-TYR 92.1 C7 2

3 Pfl-2 RPDB 2F3O ALA-GLY752(R)-TRP 158.0 2 2

4 Hpd RPDB 2Y8N ALA-GLY873(R)-PHE 77.0 R 

5 CutC Uniprot S6ZPB0 ALA-GLY1103(R)-TYR - - - - - - 

6 Bss Uniprot 087943 SER-GLY825(R)-PHE - - - - - - 

7 Nrd III Uniprot P07071 CYS-GLY580(R)-TYR - - - - - - 

8 Nrd III RPDB 1HK8 CYS-ALA580(R)-TYR - - - - - - 

 

3.1.2 Glycine Dipeptide (1) 

Table S3-2. [Table S2] Radical stabilization energies (RSEs, in kJ/mol) calculated at different levels of theory for the C  radical of glycine dipeptide r1 
shown in eq. 1a, Figure S3-1. 

 
(U)B3LYP 
\6-31G(d)a 

(U)M062X 
\6-31+G(d)b 

(RO)B2PLYP 
\GTMP2largeb 

G3(MP2)-RADb G3B3b 
(U)M062X 
\6-31+G(d)a 

E H298 G298 E H298 G298 E H298 G298 E H298 G298 E H298 G298 E H298 G298 
Best Conf. -105.2 -101.3 -96.9 -88.1 -84.1 -79.8 -93.2 -89.3 -84.1 -77.9 -74.1 -74.6 -79.2 -75.5 -76.5 -87.8 -83.3 -79.7 
C5_tt (CS Sym) -108.7 -103.2 -94.2 -91.7 -86.2 -77.2 -96.0 -90.5 -81.4 -83.6 -78.2 -71.9 -85.4 -80.2 -73.8 -92.5 -87.0 -79.7 
Bolztmann Avg. -106.3 -102.1 -96.6 -89.1 -85.0 -79.4 -94.2 -89.8 -83.7 -78.7 -75.0 -74.2 -79.9 -76.3 -76.1 -88.0 -83.6 -79.4 

aLevel of geometry optimization. bSingle point energy calculations over (U)B3LYP/6-31G(d) optimized geometries.  
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3.1.3 Methodology Consideration  

3.1.3.1 Coordinate system convention 

 
Figure S3-3. [Figure S5] (A) Extended C5 conformation for 1. (B) Default xyz coordinate system 
obtained from the Z-matrix of the B3LYP/6-31G(d) optimized geometries. (C) Reoriented 1/r1 and 
associated coordinate system. 

The coordinate system used for glycine dipeptide 1 and the corresponding C  radical r1 plays a very 
important role in this study, as it involves the external charges, ions and electric fields. The relative 
orientation of the external charges, ions and electric fields with respect to 1/r1 is among the major 
factors that influence the stability of 1/r1. The study restricts itself to the extended C5 conformation 
(CSSym) for 1/r1, where all non-hydrogen atoms lie in a plane and both peptide bonds are in trans 
configuration as shown in Figure S3-3 (A). The geometry optimization of 1/r1 is carried out at 
(U)B3LYP/6-31G(d) level in the gas phase. The default xyz coordinates obtained from the Z-matrix 
of the optimized geometry has the C (1) at the origin, while that +z axis passes through the C (1)-
N(2) bond and the +x axis lies in the same plane as all non-hydrogen atoms of 1/r1 [see Figure S3-
3 (B)]. The structure is oriented such that C  remains the centre of the coordinate system (0,0,0) for 
both 1/r1. The +y axis is a bisector of the angle made by atoms N(2)-C (1)-C(3), and the x axis lies 
in the plane of all non-hydrogen atoms as shown in Figure S3-3 (C). Ghost atoms were used to 
reorient the molecule in the above-said manner from its default orientation. 

3.1.3.2 Placement of external ions (Cl-/Na+) along the ± xyz axes for the initial investigation 

The initial investigation involves an ion placed along the ± xyz axes away from the central C  in 
such a way that the ion is 5Å away from the nearest atom(s) in 1/r1. In the following, we show the 
calculation for placing Cl- anion along the +y axis, 5 Å away from the nearest atom in 1 and the 
same strategy is used for all other directions.  
Placing Cl- along the +y axis: First, we have to determine the atom in 1 that is going to be the 
closest to the ion Cl- placed along the +y axis. In this case, the C-terminal carbonyl oxygen (Oc) lies 
nearest to Cl-. The Cl- thus has to be moved along the +y axis away from C (centre of our coordinate 
system) till the distance between Cl- and Oc becomes 5 Å. In this system, Cl-, C  and Oc form a 
triangle, where we know the length of two sides (C -Oc = 2.4 Å and Oc-Cl- = 5.0 Å ) and one angle 
(Oc-C -Cl = 28.6°) as depicted in Figure S3-4. The side, side, angle (SSA) theorem is used to solve 
this triangle to determine the other necessary geometrical parameters. Figure S3-4 lists the different 
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steps of calculation along with a geometrical description for the 1+Cl- system along the +y axis. As 
mentioned earlier, the exact same calculation is used for placing Cl- in other directions. 

 

Figure S3-4. [Figure S6] Calculation for placing Cl- along +y axis at 5 Å away from the nearest 
atom in 1 using the coordinate conventions defined in the previous section. 
 
Similarly, coordinates for the ion are determined for the other directions. Placing an ion along the 
± z axes leads to an identical arrangements, so we limit ourselves here to the +z axis. 

3.1.3.3 Cl- along ± xyz axes, 5 Å from 1/r1. 

In this section, we discuss (U)B3LYP/6-31G(d) results from our initial investigation on 1/r1+Cl- 
systems for selected Cl- orientations along the ± xyz axes around 1/r1 using different convergence 
procedures. An isolated 1, r1, CH4, CH3 and Cl- ion are relatively easy to calculate using 
(U)B3LYP (a commonly used hybrid DFT method) with the 6-31G(d) basis set, compared to the 
r1+Cl- complex that has both unpaired spin and charge. In case of the former isolated systems, SCF 
calculations converge to stable wave function irrespective of the SCF algorithm (DIIS or QC), 
which is contrast to the behaviour of the complex systems (r1+Cl-).  
 
Default convergent SCF procedure (DIIS): In G09, The DIIS procedure is the default and uses a 
combination of the energy-direct inversion in the iterative subspace (EDIIS) and commutator-DIIS 
(CDIIS) extrapolation methods. In case of the r1+Cl- complex, The default SCF procedure has 
convergence problems at the (U)B3LYP/6-31G(d) level of theory, when Cl- is placed along the +x 
axis. For the -x and +z directions the SCF converges and gives a stable wavefunction, while for the 
±y axes the SCF converges to a wavefunction with internal instability (see Table S3-3 for more 
details). The wavefunction obtained from the default convergence procedure can be described as 
delocalized and it is energetically favourable, see Figure S3-5. The presence of an external Cl- 
always leads to a decrease in C -H bond strength at C  of 1, as indicated by negative ciRSE values. 
The magnitude of the effect is strongly influenced by the relative orientation of Cl- relative to 1/r1 
(>-18 kJ/mol for -x axis, while <-2 kJ/mol for +z axis), but the nature of the effect remains the same, 
i.e. a decrease in C -H bond strength. The delocalized nature of the wavefunction (obtained using 
DIIS) is apparent when we look at the spin density surfaces of the r1+Cl- complex (see Figure 
S3-5). For all orientations of Cl- where the SCF converge, there is spin transfer from r1 to Cl-, and 
charge transfer occurs vice-versa.  
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Quadratically convergent SCF procedure (QC): It is slower than the default DIIS extrapolation, 
but more reliable. The SCF converges to a wavefunction with internal instability with the QC 
algorithm for the r1+Cl- complexes at (U)B3LYP/6-31G(d) level for all orientations of Cl-. The 
wavefunction obtained with the QC algorithm can be described as localized, where Cl- is having 
almost a unit negative charge while the spin density is localized on r1 for all orientations except the 
+z direction [see Figure S3-5(B)]. The wavefunction is energetically less favourable than that 
obtained from DIIS [see Figure S3-5(A)] and after re-optimization (stable=opt), it converges back 
to the energetically more favourable delocalized state. The wavefunctions from both DIIS and QC 
converged to the same stable wavefunction after re-potimization. The ciRSE values calculated at 
(U)B3LYP/6-31G(d) level using QC indicates that both the magnitude and the nature of effect 
produced by the presence of an external charge is influenced by its relative orientation to the radical 
centre. The C-H bond strength at C  of 1 is reduced in case where Cl- is placed at along the -x, -y 
and +z axes. An increase in the C -H bonds strength occur in case of the +x and +y axes orientations. 
See Figure S3-5 and Table S3-3  for more details. 
 

Table S3-3. [Table S7-S8] The RSE, ciRSE, CSCE, and Etot, kJ/mol) for 1/r1 in the 
presence of an external Cl- placed along the ± xyz axes, calculated at (U)B3LYP/6-31G(d) level 
using DIIS, QC and confirmed with stable=opt. The RSE for 1/r1 (-108.7 kJ/mol) in the absence of 
an external charge is used as a reference. 

DIIS     r1+Cl-  QC    r1+Cl- 
Axis RSE ciRSE CSCE RCE Wavefunction  RSE ciRSE CSCE RCE Wavefunction 
-x -127.3 -18.5 6.6 -12.0 Stable  -118.1 -9.4 6.6 -2.8 Unstable 
+x - - - - No conversion  -102.6 6.2 -20.2 -14.0 Unstable 
-y -115.7 -7.0 -1.3 -8.3 Unstable  -110.2 -1.4 -1.3 -2.7 Unstable 
+y -114.6 -5.8 6.8 0.9 Unstable  -107.6 1.2 6.8 7.9 Unstable 
+z -110.6 -1.8 -3.4 -5.2 Stable  -110.6 -1.8 -3.4 -5.2 Stable 
Opt=Stable       Opt=Stable     
-x -127.3 -18.5 6.6 -12.0 Stable  -127.3 -18.6 6.6 -12.0 Stable 
+x - - - - No conversion  -110.8 -2.1 -20.2 -22.3 Stable 
-y -115.9 -7.1 -1.3 -8.5 Stable  -115.9 -7.1 -1.3 -8.5 Stable 
+y -114.8 -6.1 6.8 0.7 Stable  -114.8 -6.1 6.8 0.7 Stable 
+z -110.6 -1.8 -3.4 -5.2 Stable  -110.6 -1.8 -3.4 -5.2 Stable 

 
When converged wavefunction (DIIS) subjected to re-optimization (stable=opt). The stable 
wavefunction obtained as result of re-optimization is remain delocalized and even become 
energetically more favourable. The results from reoptimized wavefunction will be discussed shortly 
after QC results. 
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Figure S3-5. [Figure S7] Comparative plot of ciRSE (A) and the spin density surface along with 
the Mulliken charge on Cl- (B) for the 1/r1+Cl- complex for ± xyz axes orientations calculated at 
the (U)B3LYP/6-31G(d) level of theory using the different convergent procedures.  

 

Table S3-4. [Table S9] Spin density on C  of r1 and partial charge on Cl- in the r1+Cl- complex at 
(U)B3LYP/6-31G(d) level using different convergence procedures. For reference, the spin densit 
on C  of r1 in the absence of an external the charge is 0.70 and the charge on Cl- is -1.0. 

Axis 
Spin (C ) Charge on Cl- 

DIIS QC Opt=Stable DIIS QC Opt=Stable 
r1 0.70      

-x 0.58 0.68 0.58 -0.85 -1.00 -0.85 
+x - 0.72 0.62 - -1.00 -0.86 
-y 0.61 0.69 0.61 -0.88 -1.00 -0.88 
+y 0.61 0.71 0.61 -0.86 -1.00 -0.86 
+z 0.63 0.63 0.63 -0.90 -0.90 -0.90 
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3.1.3.4 Orbital analysis 

 

 
Figure S3-6. [Figure S8] (A) An orbital analysis for glycine dipeptide radical r1 and isolated Cl-. For the r1+Cl- complex, where Cl- is placed along -x 
axis, 5 Å away from the nearest atom(s), molecular orbitals and spin densities are calculated at (U)B3LYP/6-31G(d) level using different convergence 
procedure (B) DIIS and (C) QC. 
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Figure S3-7. [Figure S9-S11] Orbital energy plots for the r1+Cl- complex for different relative 
orientations of Cl- w.r.t r1, calculated at (U)B3LYP/6-31G(d) level using (A) DIIS (B) QC for SCF 
and (C) stable=opt. 
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Table S 3-5. [Table S10-S11] RSE and ciRSE Etot, kJ/mol) for 1/r1 in the presence of an 
external Cl- placed along the ± xyz axes, calculated at different levels of theory and confirmed with 
stable=opt. The C5 conformations of 1/r1 used were optimized at (U)B3LYP/6-31G(d) level.  
  (U)B3LYP/6-31+G(d)  (U)B3LYP/6-311++G(3df,2pd) 
Ref.  RSE   Spin (C )   RSE   Spin (C )  
1/r1  -102.6   0.74        
             
DIIS    r1+Cl-    r1+Cl- 

Axis  RSE ciRSE 
Wave- 

function 
Spin 
(C ) 

Charge 
on Cl- 

 RSE ciRSE 
Wave- 

function 
Spin 
(C ) 

Charge 
on Cl- 

-x  -114.5 -11.9 Stable 0.66 -0.91  - - #   
+x  - - #    - - #   
-y  -104.3 -1.7 Stable 0.69 -0.96  -104.6 -1.8 Stable 0.66 -0.93 
+y  -102.5 0.0 Unstable 0.70 -0.94  -103.2 -0.4 Unstable 0.66 -0.91 
+z  -101.1 1.4 Stable 0.72 -0.97  -102.0 0.8 Stable 0.67 -0.96 
             
QC              
-x  -112.0 -9.5 Unstable 0.71 -1.00  -112.2 -9.4 Unstable 0.68 -0.99 
+x  -96.7 5.9 Unstable 0.75 -1.00  -97.0 5.8 Unstable 0.72 -0.98 
-y  -103.7 -1.1 Unstable 0.72 -1.00  -103.6 -0.8 Unstable 0.70 -0.98 
+y  -101.3 1.3 Unstable 0.74 -1.00  -101.6 1.2 Unstable 0.71 -0.99 
+z  -101.1 1.4 Stable 0.72 -0.97  -102.0 0.8 Stable 0.67 -0.96 
             
Opt=Stable             
-x  -114.5 -11.9 Stable 0.66 -0.91  -115.1 -12.3 stable 0.62 -0.89 
+x  -98.5 4.1 Stable 0.70 -0.92  -99.3 3.5 stable 0.67 -0.90 
-y  -104.3 -1.7 Stable 0.69 -0.96  -104.6 -1.8 stable 0.66 -0.93 
+y  -102.6 0.0 Stable 0.70 -0.93  - - # - - 
+z  -101.1 1.4 Stable 0.72 -0.97  -102.0 0.8 stable 0.67 -0.96 

 

Table S3-6. [Table S12] RSE, ciRSE, CSCE, and Etot, kJ/mol) for 1/r1 in the 
presence of an external Cl- placed along the  ± xyz axes, calculated at (U)M06-2X/6-31+G(d) level. 
The RSE for 1/r1 (-91.7 kJ/mol) in the absence of an external charge is used as a reference. 

Direction RSE ciRSE CSCE RCE 
r1+Cl- 

Wave-function Charge on Cl- 
Spin  
C  

-x -101.4 -9.7 5.2 -4.5 Stable -1.00 0.71 
+x -85.5 6.2 -21.8 -15.6 Stable -1.00 0.75 
-y -92.7 -1.0 -2.6 -3.7 Stable -1.00 0.72 
+y -90.3 1.4 6.1 7.5 Stable -1.00 0.74 
+z -90.6 1.1 -4.8 -3.6 Stable -0.99 0.72 

 

Table S3-7. [Table S13] RSE and ciRSE Etot, kJ/mol) for 1/r1 in the presence of an 
external Cl- placed along the ± xyz axes, calculated at different levels of theory.  

Reference (RO)B2PLYP-FC\GTMP2Large G3(MP2)-RAD G3B3 
RSE (1/r1) -96.0  -83.6  -85.4  
Direction RSE ciRSE RSE ciRSE RSE ciRSE 

-x -105.6 -9.6 -92.9 -9.4 -94.7 -9.4 
+x -89.9 6.1 -77.7 5.9 -79.5 5.9 
-y -96.8 -0.8 -84.2 -0.6 -85.8 -0.5 
+y -94.8 1.2 -82.4 1.2 -84.4 1.0 
+z -94.5 1.5 -83.0 0.6 -84.9 0.4 
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Figure S3-8. [Figure S12] An orbital analysis for (A) isolated glycine dipeptide radical r1 and Cl- 
and (B) the r1+Cl- complex, where Cl- is placed along the -x axis, 5 Å away from the nearest 
atom(s). Molecular orbitals and spin densities have been calculated at (U)M06-2X/6-31+G(d) level. 

 

 
Figure S3-9. [Figure S13] (A) Spin density and orbital energy plot and (B) ciRSE values Etot, 
kJ/mol) for the r1+Cl- complexes for different relative orientations of Cl- w.r.t r1 calculated at the 
(U)M06-2X/6-31+G(d) level of theory.   
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3.1.3.5 Na+ along the ± xyz axes, 5 Å from 1/r1. 

Table S3-8. [Table S15] RSE, ciRSE, CSCE, and Etot, kJ/mol) for 1/r1 in the 
presence of an external Na+ placed along the ± xyz axes, calculated at (U)B3LYP/6-31G(d) level 
using DIIS, QC and confirmed with stable=opt. 

DIIS     r1+Na+  QC    r1+Na+ 
Direction RSE ciRSE CSCE RCE Wavefunction  RSE ciRSE CSCE RCE Wavefunction 

-x - - -14.5 - No conversion  -100.2 8.6 -14.5 -5.9 Instable 
+x - - 13.7 - No conversion  -116.0 -7.3 13.7 6.4 Instable 
-y -104.5 4.2 -10.4 -6.2 Instable  -104.5 4.2 -10.4 -6.2 Instable 
+y -110.3 -1.5 -18.2 -19.7 Instable  -110.3 -1.5 -18.2 -19.7 Instable 
+z -118.0 -9.2 -4.0 -13.3 Stable  -118.0 -9.2 -4.0 -13.3 Stable 
Opt=Stable       Opt=Stable     
-x - - -14.5 - No conversion  -104.8 3.9 -14.5 -10.6 stable 
+x - - 13.7 - No conversion  -124.1 -15.3 13.7 -1.6 stable 
-y -106.1 2.6 -10.4 -7.7 Stable  -106.1 2.6 -10.4 -7.7 stable 
+y -110.9 -2.1 -18.2 -20.3 Stable  -110.9 -2.1 -18.2 -20.3 stable 
+z -118.0 -9.2 -4.0 -13.3 Stable  -118.0 -9.2 -4.0 -13.3 Stable 

 

 
Figure S3-10. [Figure S14.] An orbital analysis for (A) isolated glycine dipeptide radical r1 and 
Na+ and (B) the r1+Na+ complex, where Na+ is placed along the +x-axis 5Å away from the nearest 
atom(s). Molecular orbitals and spin densities have been calculated at the (U)M06-2X/6-31+G(d) 
level of theory. 
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Table S3-9. [Table S18] RSE, ciRSE, CSCE, and Etot, kJ/mol) for 1/r1 in the 
presence of an external Na+ is placed along the ± xyz axes calculated at different levels of theory.  

 (U)M06-2X/6-31+G(d) 
ROB2PLYP-FC 
\GTMP2Large 

G3(MP2)-RAD G3B3 

Direction RSE ciRSE CSCE RCE 
Wave-function 

r1+Na+ 
RSE ciRSE RSE ciRSE RSE ciRSE 

-x -82.8 8.9 -12.7 -3.8 Stable - - -75.1 8.5 -76.9 8.5 
+x -98.9 -7.2 14.8 7.6 Stable - - -90.3 -6.7 -92.2 -6.8 
-y -88.0 3.7 -8.8 -5.1 Stable - - -80.2 3.4 -81.9 3.5 
+y -93.2 -1.5 -17.2 -18.8 Stable - - -85.1 -1.5 -86.8 -1.4 
+z -99.2 -7.5 -3.8 -11.3 Stable - - -91.7 -8.1 -93.8 -8.5 

 
 
 

 
Figure S3-11. [Figure S15] (A) Spin density and orbital energy plot and (B) ciRSE values Etot, 
kJ/mol) for r1+Na+ complexes for different relative orientations of Na+ w.r.t r1 calculated at the 
(U)M06-2X/6-31+G(d) level of theory. 
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3.1.4 Glycine Dipeptide and Its Complexation with Cl- and Na+  

3.1.4.1 Plane xy 

 
Nature of charge (positive/negative) 
 

Table S3-10. [Table S20-S21] RSE, ciRSE, CSCE, Etot, kJ/mol) for 1/r1 in the 
presence of Cl-/Na+ placed in the xy-plane at 900 pm distance from C , calculated at (U)M06-2X/6-
31+G(d) level. The position of Cl-/Na+

 w.r.t 1/r1 is indicated by the angle between the ion, C  and 
the +x axis (first column).  

Angle 
1/r1+Cl-  1/r1+Na+ 

RSE ciRSE CSCE RCE  RSE ciRSE CSCE RCE 
0 -85.2 6.5 -23.3 -16.8  -99.1 -7.4 15.3 7.8 
10 -84.5 7.2 -21.8 -14.6  -99.5 -7.8 13.2 5.4 
20 -84.2 7.5 -18.2 -10.7  -99.6 -7.9 10.4 2.5 
30 -84.2 7.5 -13.3 -5.9  -99.4 -7.7 6.5 -1.3 
40 -84.8 6.9 -7.9 -0.9  -98.8 -7.1 2.0 -5.0 
50 -85.6 6.1 -2.8 3.3  -97.9 -6.2 -2.0 -8.2 
60 -86.9 4.8 1.3 6.1  -96.5 -4.8 -5.6 -10.4 
70 -88.2 3.5 3.6 7.1  -95.1 -3.4 -7.5 -11.0 
80 -89.6 2.1 4.3 6.4  -93.7 -2.0 -7.9 -9.9 
90 -90.9 0.8 3.5 4.3  -92.2 -0.5 -7.1 -7.5 
100 -92.4 -0.8 1.9 1.1  -90.8 0.9 -5.5 -4.5 
110 -93.8 -2.1 -0.3 -2.4  -89.3 2.4 -3.7 -1.2 
120 -95.3 -3.6 -2.4 -6.0  -87.9 3.8 -2.1 1.6 
130 -96.7 -5.0 -4.1 -9.1  -86.5 5.2 -1.6 3.7 
140 -98.1 -6.4 -5.1 -11.5  -85.2 6.4 -1.8 4.7 
150 -99.4 -7.7 -5.0 -12.7  -84.1 7.6 -3.0 4.6 
160 -100.5 -8.8 -3.6 -12.3  -83.3 8.3 -5.2 3.2 
170 -101.2 -9.5 0.0 -9.5  -83.1 8.6 -8.3 0.3 
180 -101.4 -9.7 5.2 -4.5  -82.9 8.8 -12.6 -3.8 
190 -101.1 -9.4 10.7 1.3  -83.4 8.3 -16.8 -8.5 
200 -100.1 -8.4 15.0 6.6  -84.2 7.5 -20.1 -12.6 
210 -99.0 -7.3 17.4 10.0  -85.1 6.6 -21.6 -15.0 
220 -97.8 -6.1 17.3 11.2  -86.3 5.4 -20.9 -15.5 
230 -96.5 -4.8 15.5 10.7  -87.2 4.5 -18.7 -14.2 
240 -95.3 -3.6 12.5 8.9  -88.2 3.5 -15.2 -11.7 
250 -94.4 -2.7 8.9 6.2  -89.2 2.5 -11.2 -8.7 
260 -93.5 -1.8 5.0 3.2  -89.9 1.8 -7.1 -5.3 
270 -92.5 -0.8 1.0 0.2  -90.8 0.9 -2.8 -2.0 
280 -91.6 0.0 -3.0 -2.9  -91.7 0.0 1.2 1.2 
290 -90.7 1.0 -6.9 -5.9  -92.7 -1.0 4.9 3.9 
300 -89.9 1.8 -10.5 -8.7  -93.5 -1.8 8.3 6.4 
310 -89.3 2.4 -13.6 -11.2  -94.3 -2.6 11.2 8.5 
320 -88.4 3.3 -16.7 -13.3  -95.6 -3.9 13.7 9.9 
330 -87.6 4.1 -19.3 -15.2  -96.5 -4.8 15.4 10.6 
340 -86.9 4.8 -21.5 -16.7  -97.6 -5.9 16.3 10.4 
350 -86.1 5.6 -23.0 -17.4  -98.5 -6.8 16.3 9.5 

 
  



Chapter 3 

 

66  
  

Solvent effects 

 
Figure S 3-12. [Figure S16] ciRSE, RCE, and CSCE values 
orientation around 1/r1 in the xy-plane at 900 pm distance from C  for (A) Cl- and (B) Na+ 
calculated at SMD(toluene)/(U)M06-2X/6-31+G(d) level. 

 

Table S3-11. [Table S22-S23] RSE, ciRSE Etot, kJ/mol) for 1/r1 in the 
presence of Cl-/Na+ placed in the xy-plane at 900 pm distance from C , calculated at 
SMD(toluene)/(U)M06-2X/6-31+G(d) level. The position of Cl-/Na+

 w.r.t 1/r1 is indicated by an 
angle between the ion, C  and the +x axis (first column).The RSE for 1/r1 (-94.4 kJ/mol) is used as 
a reference. 

Angle 
1/r1+Cl-  1/r1+Na+ 

RSE ciRSE CSCE RCE  RSE ciRSE CSCE RCE 
0 -90.8 3.5 -10.0 -6.5  -97.5 -3.2 9.0 5.8 
10 -90.7 3.7 -8.8 -5.2  -98.0 -3.6 7.9 4.3 
20 -90.7 3.7 -6.5 -2.8  -98.1 -3.8 6.2 2.4 
30 -90.8 3.6 -4.1 -0.5  -97.9 -3.5 3.7 0.2 
40 -91.0 3.4 -1.3 2.1  -97.7 -3.3 1.3 -2.0 
50 -91.3 3.1 1.1 4.2  -97.2 -2.9 -1.1 -4.0 
60 -92.2 2.2 3.2 5.4  -96.7 -2.3 -2.8 -5.1 
70 -92.9 1.4 4.1 5.5  -95.9 -1.5 -4.0 -5.6 
80 -93.6 0.7 4.2 4.9  -95.2 -0.8 -4.0 -4.8 
90 -94.1 0.3 3.5 3.7  -94.3 0.1 -3.6 -3.5 
100 -94.9 -0.5 2.7 2.1  -93.9 0.5 -2.5 -2.0 
110 -95.5 -1.1 1.1 0.0  -92.8 1.5 -1.4 0.2 
120 -96.4 -2.1 0.2 -1.8  -92.3 2.0 -0.5 1.6 
130 -96.9 -2.5 -0.5 -3.0  -91.8 2.6 0.3 2.9 
140 -97.4 -3.0 -0.9 -4.0  -91.2 3.2 0.3 3.5 
150 -98.2 -3.8 -0.3 -4.2  -90.0 4.4 -0.1 4.3 
160 -98.7 -4.3 0.5 -3.8  -89.7 4.6 -1.3 3.4 
170 -98.7 -4.3 2.3 -2.0  -89.9 4.5 -2.9 1.5 
180 -99.0 -4.7 5.1 0.4  -89.8 4.6 -5.4 -0.8 
190 -98.7 -4.4 7.7 3.3  -90.1 4.2 -7.6 -3.4 
200 -98.3 -3.9 9.8 5.9  -90.7 3.7 -9.6 -5.9 
210 -97.6 -3.2 10.6 7.4  -91.0 3.4 -10.2 -6.8 



Electrostatic Effects on The Stability of Peptide Radicals 

 

67   
 

220 -97.2 -2.8 10.5 7.7  -91.7 2.7 -10.1 -7.4 
230 -96.5 -2.2 9.2 7.0  -91.9 2.5 -9.3 -6.8 
240 -95.5 -1.2 7.2 6.0  -92.6 1.8 -7.3 -5.6 
250 -95.5 -1.1 5.4 4.3  -93.2 1.2 -5.5 -4.3 
260 -95.0 -0.6 3.2 2.6  -93.4 0.9 -3.2 -2.3 
270 -94.4 0.0 0.9 0.9  -93.6 0.7 -1.0 -0.3 
280 -94.3 0.1 -1.1 -1.0  -94.6 -0.2 1.2 1.0 
290 -93.5 0.9 -3.3 -2.5  -94.9 -0.5 3.0 2.5 
300 -93.5 0.8 -4.8 -4.0  -95.1 -0.8 4.8 4.0 
310 -92.9 1.5 -6.7 -5.2  -95.6 -1.2 6.3 5.1 
320 -92.4 2.0 -8.1 -6.1  -96.3 -2.0 7.8 5.8 
330 -92.1 2.3 -9.1 -6.8  -96.5 -2.1 8.7 6.7 
340 -91.9 2.5 -9.8 -7.3  -96.9 -2.6 9.4 6.8 
350 -91.5 2.9 -10.3 -7.4  -97.3 -3.0 9.6 6.6 

 
Distance dependence 
 

Table S3-12. [Table S24] ciRSE Etot, kJ/mol) for 1/r1 in the presence of Cl- placed in the 
xy-plane at varying distances from C  (7-15Å), calculated at (U)M06-2X/6-31+G(d) level. The 
position of Cl-

 w.r.t 1/r1 is indicated by the angle between the ion, C  and the +x axis (first column) 
together with the distance between the ion and C  (first row).  

Angle 7 Å 8 Å 9 Å 10 Å 11 Å 12 Å 13 Å 14 Å 15 Å 
0 9.5 7.7 6.5 5.5 4.3 3.8 3.3 2.8 2.5 
10 9.2 9.2 7.2 5.9 4.8 4.0 3.5 3.0 2.8 
20 11.2 9.8 7.5 6.0 5.0 4.2 3.6 3.1 2.7 
30 12.6 9.7 7.5 5.9 4.8 4.1 3.4 2.9 2.6 
40 12.2 9.1 6.9 5.5 4.5 3.7 3.2 2.6 2.3 
50 10.7 8.0 6.1 4.8 3.9 3.3 2.9 2.5 2.2 
60 8.3 6.2 4.8 3.8 3.2 2.6 2.3 1.9 1.7 
70 5.8 4.4 3.5 2.8 2.3 2.0 1.7 1.4 1.2 
80 3.3 2.7 2.1 1.7 1.5 1.2 1.1 0.9 0.8 
90 1.2 0.8 0.8 0.6 0.6 0.4 0.3 0.4 0.4 
100 -1.0 -0.8 -0.8 -0.5 -0.5 -0.3 -0.3 -0.2 -0.2 
110 -3.3 -2.6 -2.1 -1.8 -1.5 -1.2 -1.0 -0.8 -0.7 
120 -5.7 -4.5 -3.6 -2.9 -2.5 -2.0 -1.6 -1.4 -1.2 
130 -8.2 -6.4 -5.0 -4.0 -3.4 -2.9 -2.4 -2.0 -1.7 
140 -11.3 -8.2 -6.4 -5.1 -4.2 -3.5 -2.9 -2.5 -2.1 
150 -14.9 -10.0 -7.7 -6.0 -5.0 -4.1 -3.4 -2.9 -2.5 
160 -17.7 -11.5 -8.8 -6.9 -5.5 -4.6 -3.8 -3.3 -2.8 
170 -17.9 -12.7 -9.5 -7.5 -5.9 -4.8 -4.1 -3.4 -2.9 
180 -18.0 -13.0 -9.7 -7.5 -6.0 -4.9 -4.1 -3.4 -3.0 
190 -17.3 -12.5 -9.4 -7.2 -5.9 -4.8 -4.1 -3.3 -3.0 
200 -15.2 -11.1 -8.4 -6.6 -5.4 -4.5 -3.7 -3.2 -2.7 
210 -12.5 -9.5 -7.3 -5.8 -4.7 -3.9 -3.2 -2.8 -2.5 
220 -9.8 -7.7 -6.1 -4.9 -4.0 -3.4 -2.8 -2.5 -2.2 
230 -7.9 -6.1 -4.8 -4.0 -3.3 -2.7 -2.3 -2.1 -1.8 
240 -5.9 -4.5 -3.6 -3.1 -2.6 -2.1 -1.8 -1.7 -1.3 
250 -4.5 -3.4 -2.7 -2.1 -1.8 -1.5 -1.3 -1.2 -1.0 
260 -3.0 -2.2 -1.8 -1.4 -1.2 -1.1 -0.9 -0.8 -0.6 
270 -1.7 -1.1 -0.8 -0.6 -0.4 -0.3 -0.3 -0.2 -0.2 
280 -0.5 -0.1 0.0 0.0 0.2 0.1 0.1 0.1 0.1 
290 0.7 1.0 1.0 0.8 0.9 0.8 0.6 0.6 0.6 
300 2.0 1.9 1.8 1.6 1.4 1.1 1.1 1.1 0.8 
310 3.0 2.6 2.4 2.2 1.9 1.7 1.5 1.4 1.2 
320 4.1 3.9 3.3 2.9 2.6 2.2 2.0 1.7 1.6 
330 5.4 4.7 4.1 3.6 3.1 2.6 2.3 2.1 1.9 
340 6.6 5.6 4.8 4.2 3.7 3.1 2.8 2.3 2.1 
350 8.2 6.7 5.6 4.8 4.1 3.4 3.0 2.7 2.5 
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Table S3-13. [Table S25] ciRSE Etot, kJ/mol) for 1/r1 in the presence of Na+
 placed in the 

xy-plane at varying distances from C  (7-15Å), calculated at (U)M06-2X/6-31+G(d) level. The 
position of Na+

 w.r.t 1/r1 is indicated by the angle between the ion, C  and the +x axis (first column) 
together with the distance between the ion and C  (first row).  

Angle 7 Å 8 Å 9 Å 10 Å 11 Å 12 Å 13 Å 14 Å 15 Å 
0 -13.6 -9.8 -7.4 -5.9 -4.8 -3.9 -3.5 -2.9 -2.7 
10 -13.4 -10.2 -7.8 -6.3 -5.0 -4.3 -3.5 -3.0 -2.6 
20 -13.0 -10.2 -7.9 -6.3 -5.2 -4.3 -3.6 -3.1 -2.7 
30 -12.8 -9.8 -7.7 -6.1 -4.9 -4.1 -3.5 -2.8 -2.5 
40 -11.9 -9.2 -7.1 -5.7 -4.6 -3.8 -3.2 -2.7 -2.4 
50 -10.2 -8.0 -6.2 -4.9 -4.0 -3.2 -2.6 -2.4 -2.0 
60 -8.0 -6.2 -4.8 -3.9 -3.2 -2.7 -2.2 -1.9 -1.6 
70 -5.5 -4.4 -3.4 -2.8 -2.3 -1.9 -1.6 -1.4 -1.2 
80 -2.9 -2.5 -2.0 -1.7 -1.3 -1.2 -1.0 -0.8 -0.7 
90 -0.5 -0.6 -0.5 -0.4 -0.5 -0.2 -0.3 -0.3 -0.2 
100 1.9 1.3 0.9 0.8 0.6 0.5 0.4 0.4 0.3 
110 4.3 3.2 2.4 2.0 1.6 1.3 1.1 1.0 0.9 
120 7.0 5.1 3.8 3.2 2.5 2.1 1.8 1.5 1.3 
130 9.7 6.9 5.2 4.2 3.4 2.8 2.4 2.2 1.8 
140 12.5 8.6 6.4 5.2 4.1 3.5 2.9 2.6 2.2 
150 14.3 10.1 7.6 5.9 4.9 4.0 3.4 3.0 2.5 
160 15.0 10.9 8.3 6.6 5.3 4.5 3.8 3.3 2.8 
170 15.0 11.3 8.6 6.9 5.7 4.7 3.9 3.3 3.0 
180 14.8 11.2 8.8 6.9 5.7 4.7 4.0 3.4 3.0 
190 13.9 10.6 8.3 6.7 5.4 4.6 3.8 3.3 2.9 
200 12.1 9.5 7.5 6.1 5.0 4.3 3.7 3.0 2.8 
210 9.8 8.0 6.6 5.3 4.5 3.8 3.2 2.9 2.5 
220 7.8 6.4 5.4 4.6 3.8 3.2 2.7 2.4 2.1 
230 6.2 5.3 4.5 3.7 3.1 2.7 2.4 2.1 1.8 
240 5.0 4.0 3.5 2.9 2.6 2.3 2.0 1.7 1.3 
250 3.8 3.1 2.5 2.0 1.8 1.6 1.3 1.3 1.2 
260 2.5 2.2 1.8 1.5 1.2 1.0 0.9 0.8 0.7 
270 1.4 1.1 0.9 0.7 0.6 0.5 0.4 0.4 0.4 
280 0.2 0.0 0.0 -0.2 -0.1 -0.1 -0.1 -0.2 -0.1 
290 -1.0 -1.0 -1.0 -0.8 -0.7 -0.6 -0.5 -0.5 -0.4 
300 -2.5 -2.3 -1.8 -1.5 -1.3 -1.1 -0.9 -0.9 -0.7 
310 -4.1 -3.3 -2.6 -2.3 -2.1 -1.9 -1.6 -1.3 -1.2 
320 -5.8 -4.7 -3.9 -3.2 -2.7 -2.2 -2.0 -1.7 -1.5 
330 -7.9 -6.1 -4.8 -4.0 -3.3 -2.8 -2.3 -2.0 -1.8 
340 -10.4 -7.5 -5.9 -4.7 -3.9 -3.4 -2.9 -2.4 -2.2 
350 -12.8 -8.8 -6.8 -5.4 -4.5 -3.7 -3.2 -2.7 -2.4 
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Point charges (PCs) 
 

Table S3-14. [Table S26] RSE, ciRSE, CSCE, and Etot, kJ/mol) for 1/r1 in the 
presence of an external point charge (PC) placed in the xy-plane at 900 pm distance from C , 
calculated at (U)M06-2X/6-31+G(d) level. The position of PC w.r.t 1/r1 is indicated by the angle 
between the PC, C  and the +x axis (first column).  

Angle 
1/r1+PC(-)  1/r1+PC(+) 

RSE ciRSE CSCE RCE  RSE ciRSE CSCE RCE 
0 -85.3 6.4 -22.4 -16.0  -99.2 -7.5 15.4 7.9 
10 -84.6 7.1 -20.8 -13.7  -99.6 -7.9 13.5 5.6 
20 -84.3 7.4 -17.3 -9.8  -99.7 -8.0 10.6 2.5 
30 -84.4 7.3 -12.5 -5.2  -99.5 -7.8 6.7 -1.1 
40 -84.9 6.8 -7.3 -0.5  -98.9 -7.2 2.2 -4.9 
50 -85.8 5.9 -2.4 3.6  -97.9 -6.2 -2.1 -8.3 
60 -86.9 4.8 1.5 6.3  -96.6 -4.9 -5.5 -10.4 
70 -88.2 3.4 3.8 7.2  -95.2 -3.5 -7.4 -10.9 
80 -89.6 2.1 4.4 6.5  -93.7 -2.0 -7.8 -9.9 
90 -91.0 0.7 3.7 4.3  -92.2 -0.5 -7.0 -7.5 
100 -92.5 -0.8 2.0 1.2  -90.8 0.9 -5.4 -4.5 
110 -93.9 -2.2 -0.1 -2.3  -89.3 2.4 -3.6 -1.3 
120 -95.4 -3.7 -2.1 -5.8  -87.9 3.8 -2.2 1.6 
130 -96.8 -5.1 -3.6 -8.7  -86.5 5.2 -1.5 3.7 
140 -98.2 -6.5 -4.3 -10.9  -85.3 6.4 -1.7 4.7 
150 -99.5 -7.8 -4.1 -11.9  -84.2 7.5 -2.8 4.6 
160 -100.5 -8.8 -2.5 -11.4  -83.5 8.2 -5.0 3.2 
170 -101.2 -9.6 0.9 -8.7  -83.1 8.6 -8.2 0.4 
180 -101.4 -9.8 5.9 -3.9  -83.1 8.6 -12.4 -3.8 
190 -101.1 -9.4 11.3 1.9  -83.4 8.2 -16.7 -8.5 
200 -100.2 -8.5 15.4 6.9  -84.2 7.5 -20.1 -12.6 
210 -99.0 -7.3 17.5 10.2  -85.2 6.5 -21.5 -15.0 
220 -97.8 -6.1 17.5 11.4  -86.3 5.4 -20.9 -15.5 
230 -96.6 -4.9 15.7 10.8  -87.3 4.3 -18.6 -14.3 
240 -95.5 -3.8 12.7 8.9  -88.3 3.4 -15.2 -11.8 
250 -94.4 -2.7 9.0 6.3  -89.2 2.5 -11.2 -8.7 
260 -93.5 -1.8 5.1 3.3  -90.1 1.6 -7.0 -5.3 
270 -92.6 -0.9 1.0 0.1  -90.9 0.8 -2.8 -2.0 
280 -91.7 0.0 -3.0 -3.0  -91.8 -0.1 1.2 1.1 
290 -90.9 0.8 -6.8 -6.0  -92.7 -1.0 5.0 4.0 
300 -90.0 1.7 -10.4 -8.7  -93.6 -1.9 8.4 6.5 
310 -89.2 2.5 -13.6 -11.2  -94.5 -2.8 11.3 8.5 
320 -88.4 3.3 -16.5 -13.2  -95.5 -3.8 13.7 9.9 
330 -87.6 4.1 -19.0 -14.9  -96.6 -4.9 15.5 10.6 
340 -86.8 4.9 -21.0 -16.1  -97.6 -5.9 16.4 10.5 
350 -86.1 5.6 -22.2 -16.6  -98.5 -6.8 16.4 9.6 
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External dipole (eDP) 
 

Table S3-15. [Table S27] RSE, ciRSE, CSCE, and Etot, kJ/mol) for 1/r1 in the 
presence of an external dipole (eDP) placed in the xy-plane at 900 pm distance from C , calculated 
at (U)M06-2X/6-31+G(d) level. The position of the eDP w.r.t 1/r1 is indicated by the angle  
between the eDP-axis, C  and the +x axis (first column). The RSE for 1/r1 (91.7 kJ/mol) in the 
absence of an external charge is used as a reference. The estimated ciRSE for the dipole 
[1/r1+PC(-)+cPC(+)] (last column) is summation of the ciRSE for external PC(+) and cPC(-) 
values, where c stand for the correction through shifting the PC(+) by 180°.  

Angle 
1/r1+eDP ciRSE 

1/r1+PC(-) 
ciRSE 

1/r1+PC(+) 
ciRSE 

1/r1+cPC(+) 
cPC(+) 
Angle 

ciRSE 
1/r1+PC(-)+cPC(+) RSE ciRSE CSCE RCE 

0 -77.8 13.9 -115.8 -101.8 6.4 -7.5 8.6 180 15.0 
10 -77.4 14.3 -118.4 -104.1 7.1 -7.9 8.2 190 15.3 
20 -77.7 14.0 -117.9 -104.0 7.4 -8.0 7.5 200 14.9 
30 -78.7 13.0 -114.3 -101.3 7.3 -7.8 6.5 210 13.8 
40 -80.1 11.6 -108.1 -96.5 6.8 -7.2 5.4 220 12.2 
50 -81.9 9.8 -100.6 -90.7 5.9 -6.2 4.3 230 10.3 
60 -83.8 7.9 -93.1 -85.2 4.8 -4.9 3.4 240 8.2 
70 -85.9 5.8 -86.6 -80.8 3.4 -3.5 2.5 250 5.9 
80 -88.1 3.6 -81.7 -78.0 2.1 -2.0 1.6 260 3.7 
90 -90.3 1.4 -78.2 -76.8 0.7 -0.5 0.8 270 1.4 
100 -92.5 -0.8 -75.9 -76.7 -0.8 0.9 -0.1 280 -0.8 
110 -94.9 -3.2 -74.3 -77.5 -2.2 2.4 -1.0 290 -3.2 
120 -97.4 -5.7 -73.1 -78.7 -3.7 3.8 -1.9 300 -5.5 
130 -99.9 -8.2 -71.9 -80.1 -5.1 5.2 -2.8 310 -8.0 
140 -102.5 -10.8 -70.5 -81.3 -6.5 6.4 -3.8 320 -10.4 
150 -105.0 -13.3 -68.9 -82.2 -7.8 7.5 -4.9 330 -12.7 
160 -107.2 -15.5 -66.7 -82.3 -8.8 8.2 -5.9 340 -14.7 
170 -109.0 -17.3 -63.6 -80.9 -9.6 8.6 -6.8 350 -16.4 
180 -110.0 -18.3 -59.6 -77.9 -9.8 8.6 -7.5 360 -17.3 
190 -110.0 -18.3 -56.0 -74.3 -9.4 8.2 -7.9 10 -17.3 
200 -109.1 -17.4 -54.6 -72.0 -8.5 7.5 -8.0 20 -16.5 
210 -107.6 -15.9 -56.1 -72.0 -7.3 6.5 -7.8 30 -15.1 
220 -105.6 -13.9 -60.2 -74.1 -6.1 5.4 -7.2 40 -13.3 
230 -103.2 -11.5 -66.0 -77.5 -4.9 4.3 -6.2 50 -11.1 
240 -100.7 -9.0 -72.1 -81.2 -3.8 3.4 -4.9 60 -8.7 
250 -98.1 -6.4 -77.6 -84.0 -2.7 2.5 -3.5 70 -6.3 
260 -95.6 -3.9 -81.9 -85.8 -1.8 1.6 -2.0 80 -3.8 
270 -93.1 -1.4 -85.1 -86.5 -0.9 0.8 -0.5 90 -1.4 
280 -90.8 0.9 -87.5 -86.6 0.0 -0.1 0.9 100 0.9 
290 -88.5 3.2 -89.6 -86.5 0.8 -1.0 2.4 110 3.2 
300 -86.4 5.3 -91.9 -86.6 1.7 -1.9 3.8 120 5.5 
310 -84.3 7.4 -94.8 -87.4 2.5 -2.8 5.2 130 7.7 
320 -82.4 9.3 -98.2 -88.9 3.3 -3.8 6.4 140 9.7 
330 -80.8 10.9 -102.2 -91.3 4.1 -4.9 7.5 150 11.5 
340 -79.5 12.2 -106.6 -94.4 4.9 -5.9 8.2 160 13.1 
350 -78.5 13.2 -111.4 -98.2 5.6 -6.8 8.6 170 14.2 
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External electric field (EEF) 
 

Table S3-16. [Table S29] ciRSE Etot, kJ/mol) for 1/r1 in the presence of an external 
electric field of varying strengths (EEF, 72 x10-4 to 82 x10-4 au with 4 x10-4 interval) in the xy-
plane, calculated at (U)M06-2X/6-31+G(d) level. The orientation of EEF w.r.t. 1/r1 is indicated by 
the angle the electric filed vector makes with the +x axis having an origin at C . The RSE for 1/r1 
(91.7 kJ/mol) in the absence of an external charge is used as a reference. The C5 conformations of 
1/r1 used were optimized at the (U)B3LYP/6-31G(d) level of theory. 
Angle/EEF 72 74 76 78 80 82 
0 13.8 14.1 14.4 14.7 15.1 15.4 
10 13.6 13.9 14.2 14.5 14.9 15.2 
20 13.1 13.4 13.7 14.0 14.3 14.6 
30 12.2 12.5 12.8 13.1 13.3 13.6 
40 11.0 11.2 11.5 11.8 12.0 12.3 
50 9.4 9.7 9.9 10.1 10.4 10.6 
60 7.6 7.8 8.0 8.2 8.3 8.5 
70 5.5 5.6 5.7 5.9 6.0 6.2 
80 3.1 3.2 3.2 3.3 3.4 3.5 
90 0.5 0.5 0.5 0.5 0.6 0.6 
100 -2.2 -2.3 -2.3 -2.4 -2.5 -2.5 
110 -5.0 -5.1 -5.3 -5.4 -5.5 -5.7 
120 -7.7 -7.9 -8.1 -8.4 -8.6 -8.8 
130 -10.3 -10.6 -10.9 -11.2 -11.5 -11.8 
140 -12.6 -13.0 -13.4 -13.7 -14.1 -14.5 
150 -14.6 -15.0 -15.5 -15.9 -16.4 -16.8 
160 -16.1 -16.6 -17.1 -17.6 -18.1 -18.6 
170 -17.1 -17.7 -18.2 -18.7 -19.3 -19.8 
180 -17.6 -18.1 -18.7 -19.2 -19.8 -20.3 
190 -17.5 -18.0 -18.5 -19.1 -19.6 -20.2 
200 -16.7 -17.3 -17.8 -18.3 -18.8 -19.4 
210 -15.5 -15.9 -16.4 -16.9 -17.4 -17.9 
220 -13.7 -14.1 -14.5 -15.0 -15.4 -15.8 
230 -11.5 -11.9 -12.2 -12.6 -12.9 -13.3 
240 -9.0 -9.3 -9.5 -9.8 -10.1 -10.4 
250 -6.3 -6.5 -6.6 -6.8 -7.0 -7.2 
260 -3.4 -3.5 -3.6 -3.7 -3.8 -3.9 
270 -0.6 -0.6 -0.6 -0.6 -0.7 -0.7 
280 2.2 2.2 2.3 2.3 2.4 2.5 
290 4.7 4.9 5.0 5.1 5.2 5.4 
300 7.1 7.3 7.4 7.6 7.8 8.0 
310 9.1 9.3 9.6 9.8 10.0 10.3 
320 10.8 11.0 11.3 11.6 11.9 12.1 
330 12.1 12.4 12.7 13.0 13.3 13.6 
340 13.0 13.3 13.7 14.0 14.3 14.6 
350 13.6 13.9 14.2 14.6 14.9 15.2 
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3.1.4.2 Plane xz 

 

Table S3-17. [Table S30] ciRSE Etot, kJ/mol) for 1/r1 in the presence of Cl- placed in the 
xz-plane at varying distances from C , calculated at (U)M06-2X/6-31+G(d) level. The position of 
Cl-

 w.r.t 1/r1 in the xz-plane is indicated by the angle between the ion, C  and the +x axis (first 
column) together with the distance between the ion and C  (first row). The angle between the ion, 
C  and the y axis is fixed at 90 . 

Angle 7 Å 8 Å 9 Å 10 Å 11 Å 12 Å 13 Å 14 Å 15 Å 
0 9.5 7.7 6.5 5.5 4.3 3.8 3.3 2.8 2.5 
10 9.6 7.7 6.4 5.3 4.5 3.8 3.3 2.9 2.5 
20 9.2 7.6 6.2 5.1 4.3 3.7 3.1 2.7 2.4 
30 8.8 7.1 5.8 4.8 4.0 3.4 3.0 2.6 2.3 
40 8.2 6.6 5.3 4.4 3.7 3.1 2.7 2.3 2.1 
50 7.4 5.8 4.7 3.9 3.3 2.8 2.4 2.1 1.8 
60 6.5 5.0 3.9 3.2 2.6 2.2 1.9 1.6 1.4 
70 5.2 3.9 3.1 2.5 2.1 1.8 1.5 1.3 1.1 
80 3.9 2.9 2.2 1.7 1.4 1.1 0.9 0.8 0.7 
90 2.2 1.5 1.0 0.8 0.6 0.5 0.4 0.3 0.3 
100 0.3 0.0 -0.2 -0.2 -0.3 -0.3 -0.3 -0.2 -0.2 
110 -2.0 -1.8 -1.6 -1.3 -1.2 -1.0 -0.9 -0.7 -0.7 
120 -4.6 -3.7 -3.0 -2.5 -2.1 -1.8 -1.6 -1.4 -1.2 
130 -7.4 -5.7 -4.5 -3.7 -3.0 -2.5 -2.1 -1.8 -1.6 
140 -10.3 -7.8 -6.1 -4.9 -4.0 -3.4 -2.9 -2.5 -2.1 
150 -13.5 -9.8 -7.4 -5.9 -4.8 -4.0 -3.3 -2.8 -2.4 
160 -16.1 -11.5 -8.7 -6.8 -5.4 -4.5 -3.8 -3.2 -2.7 
170 -17.7 -12.7 -9.5 -7.4 -5.9 -4.8 -4.0 -3.4 -2.9 
180 -18.0 -13.0 -9.7 -7.5 -6.0 -4.9 -4.1 -3.4 -3.0 

 

Table S3-18. [Table S31] ciRSE Etot, kJ/mol) for 1/r1 in the presence of Na+ placed in the 
xz-plane at varying distances from C , calculated at (U)M06-2X/6-31+G(d) level. The position of 
Na+ w.r.t 1/r1 in the xz-plane is indicated by the angle between the ion, C  and the +x axis (first 
column) together with the distance between the ion and C  (first row). The angle between the ion, 
C  and the y axis is fixed at 90 . 

Angle 7 Å 8 Å 9 Å 10 Å 11 Å 12 Å 13 Å 14 Å 15 Å 
0 -13.6 -9.8 -7.4 -5.9 -4.8 -3.9 -3.5 -2.9 -2.7 
10 -13.5 -9.7 -7.3 -5.8 -4.7 -4.0 -3.3 -2.9 -2.5 
20 -13.0 -9.3 -7.0 -5.6 -4.6 -3.8 -3.3 -2.8 -2.4 
30 -11.5 -8.4 -6.5 -5.1 -4.2 -3.5 -3.0 -2.6 -2.2 
40 -9.7 -7.2 -5.6 -4.5 -3.7 -3.1 -2.7 -2.3 -2.0 
50 -8.1 -6.2 -4.9 -3.9 -3.2 -2.7 -2.2 -1.9 -1.7 
60 -6.7 -5.0 -3.9 -3.2 -2.6 -2.2 -1.9 -1.6 -1.4 
70 -5.1 -3.9 -3.1 -2.4 -2.0 -1.6 -1.3 -1.1 -1.0 
80 -3.6 -2.6 -1.9 -1.5 -1.2 -1.0 -0.8 -0.7 -0.6 
90 -1.8 -1.2 -0.8 -0.6 -0.4 -0.3 -0.2 -0.2 -0.1 
100 0.1 0.3 0.4 0.4 0.4 0.4 0.4 0.3 0.3 
110 2.2 2.0 1.6 1.4 1.2 1.1 1.0 0.9 0.8 
120 4.4 3.6 3.1 2.6 2.2 1.8 1.6 1.4 1.2 
130 6.8 5.3 4.3 3.6 3.0 2.6 2.3 2.0 1.8 
140 9.0 7.1 5.7 4.6 3.8 3.2 2.7 2.3 2.0 
150 11.1 8.5 6.9 5.6 4.6 3.9 3.3 2.8 2.5 
160 12.8 9.9 7.8 6.3 5.2 4.3 3.6 3.1 2.8 
170 14.2 10.8 8.4 6.8 5.5 4.6 3.9 3.4 2.9 
180 14.8 11.2 8.8 6.9 5.7 4.7 4.0 3.4 3.0 
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3.1.4.3 Plane yz 

 

Table S3-19. [Table S32] ciRSE Etot, kJ/mol) for 1/r1 in the presence of Cl- placed in the 
yz-plane at varying distances from C , calculated at (U)M06-2X/6-31+G(d) level. The position of 
Cl-

 w.r.t 1/r1 in the yz-plane is indicated by the angle between the ion, C  and the y axis (first 
column) together with the distance between the ion and C  (first row). The angle between the ion, 
C  and the x axis is fixed at 90 .  

Angle 5 Å 6 Å 7 Å 8 Å 9 Å 10 Å 11 Å 12 Å 13 Å 14 Å 15 Å 
0 0.0 1.3 1.2 0.8 0.8 0.6 0.6 0.4 0.3 0.4 0.4 
10 0.4 1.4 1.3 0.9 0.7 0.6 0.5 0.5 0.4 0.4 0.3 
20 1.2 1.5 1.2 0.9 0.7 0.6 0.5 0.5 0.4 0.4 0.3 
30 1.9 1.5 1.3 1.0 0.8 0.7 0.6 0.5 0.4 0.4 0.3 
40 2.5 1.8 1.4 1.1 0.9 0.7 0.6 0.5 0.5 0.4 0.4 
50 3.2 2.1 1.5 1.1 0.9 0.7 0.6 0.5 0.4 0.3 0.3 
60 3.8 2.5 1.8 1.3 1.0 0.7 0.6 0.5 0.4 0.4 0.3 
70 4.4 2.8 2.0 1.4 1.0 0.8 0.6 0.5 0.4 0.4 0.3 
80 5.1 3.2 2.0 1.4 1.0 0.8 0.6 0.5 0.4 0.3 0.3 
90 5.6 3.4 2.2 1.5 1.0 0.8 0.6 0.5 0.4 0.3 0.3 
100 5.8 3.4 2.1 1.3 0.9 0.7 0.5 0.4 0.3 0.2 0.2 
110 5.7 3.2 1.8 1.1 0.7 0.5 0.4 0.3 0.2 0.2 0.1 
120 5.0 2.6 1.5 0.9 0.6 0.4 0.3 0.2 0.1 0.1 0.1 
130 3.5 1.8 1.0 0.5 0.3 0.2 0.1 0.1 0.1 0.0 0.0 
140 1.5 0.6 0.3 0.1 0.0 0.0 -0.1 -0.1 -0.1 0.0 0.0 
150 -0.7 -0.5 -0.4 -0.3 -0.3 -0.2 -0.2 -0.2 -0.1 -0.1 -0.1 
160 -2.7 -1.7 -1.1 -0.8 -0.6 -0.5 -0.4 -0.3 -0.3 -0.2 -0.2 
170 -4.2 -2.4 -1.5 -1.0 -0.7 -0.6 -0.4 -0.3 -0.3 -0.2 -0.2 
180 -4.7 -2.6 -1.7 -1.1 -0.8 -0.6 -0.4 -0.3 -0.3 -0.2 -0.2 

 

Table S3-20. [Table S33] ciRSE Etot, kJ/mol) for 1/r1 in the presence of Na+ placed in the 
yz-plane at varying distance from C , calculated at (U)M06-2X/6-31+G(d) level. The position of 
Na+

 w.r.t 1/r1 in the yz-plane is indicated by the angle between the ion, C  and the y axis (first 
column) together with the distance between the ion and C  (first row). The angle between the ion, 
C  and the x axis is fixed at 90 . 

Angle 5 Å 6 Å 7 Å 8 Å 9 Å 10 Å 11 Å 12 Å 13 Å 14 Å 15 Å 
0 0.8 -0.2 -0.5 -0.6 -0.5 -0.4 -0.5 -0.2 -0.3 -0.3 -0.2 
10 0.5 -0.4 -0.6 -0.4 -0.5 -0.4 -0.4 -0.3 -0.2 -0.2 -0.2 
20 -0.3 -0.8 -0.7 -0.6 -0.6 -0.5 -0.4 -0.3 -0.3 -0.2 -0.2 
30 -1.2 -1.2 -1.0 -0.7 -0.6 -0.5 -0.4 -0.3 -0.3 -0.2 -0.2 
40 -2.0 -1.5 -1.2 -0.9 -0.7 -0.5 -0.4 -0.3 -0.2 -0.2 -0.2 
50 -2.6 -1.8 -1.3 -1.0 -0.7 -0.6 -0.5 -0.4 -0.3 -0.3 -0.2 
60 -3.1 -2.0 -1.5 -1.0 -0.8 -0.6 -0.5 -0.4 -0.3 -0.3 -0.2 
70 -3.9 -2.5 -1.5 -1.1 -0.8 -0.6 -0.5 -0.4 -0.3 -0.2 -0.2 
80 -4.6 -2.7 -1.7 -1.2 -0.9 -0.6 -0.5 -0.4 -0.3 -0.2 -0.2 
90 -5.2 -3.0 -1.8 -1.2 -0.8 -0.6 -0.4 -0.3 -0.2 -0.2 -0.1 
100 -5.2 -2.9 -1.8 -1.1 -0.8 -0.5 -0.4 -0.3 -0.2 -0.2 -0.1 
110 -4.7 -2.6 -1.6 -1.0 -0.7 -0.5 -0.3 -0.2 -0.2 -0.1 -0.1 
120 -3.8 -2.0 -1.2 -0.7 -0.4 -0.3 -0.2 -0.1 -0.1 0.0 0.0 
130 -2.4 -1.2 -0.6 -0.3 -0.1 0.0 0.0 0.1 0.1 0.1 0.1 
140 -0.8 -0.3 -0.1 0.0 0.1 0.2 0.2 0.2 0.2 0.2 0.2 
150 0.8 0.6 0.5 0.5 0.5 0.4 0.4 0.3 0.3 0.3 0.3 
160 2.1 1.3 0.9 0.7 0.6 0.5 0.4 0.4 0.3 0.3 0.3 
170 3.0 2.0 1.4 1.0 0.8 0.7 0.6 0.5 0.4 0.4 0.3 
180 3.2 2.2 1.4 1.1 0.9 0.7 0.6 0.5 0.4 0.4 0.4 
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3.1.5 Distonic Peptide System 

 

3.1.5.1 Procedure for obtaining conformers to determine conformationally avg. energies. 

Step 1. The MacroModel module of Maestro 10.2,1 is used to generate a conformational pool. The 
Amber 94 force field was employed with an 50 kJ/mol energy window. 
 
Step 2. The molecular mechanics-based conformational pool is optimized using QM-based 
methods. Duplicate conformers are removed from the list. 
 
Step 3. Only conformers with an energy ( E) less than 20 kJ/mol relative to the global minima 
(conformer with the lowest energy) were considered. In case there is a large number of conformers 
(>15) in this energy window, the first 15 conformers with the lowest energy were selected for 
determining conformationally average energies.  
 
 

 
Figure S3-13. [Figure S17] Acidic and basic amino acids (AAs) investigated for the effect of 
deprotonation and protonation on the stability of their C  radicals. 
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Table S3-21. [Table S34, S39, S44, S52 and S57] ciRSE values (in kJ/mol) calculated at different levels of theory for the systems shown in Figure S3-13. 

System 
(U)B3LYP 
\6-31G(d)a 

(U)M062X 
\6-31+G(d)b 

(RO)B2PLYP 
\GTMP2largeb 

G3(MP2)-RADb G3B3b 
(U)M062X 
\6-31+G(d)a 

Etot H298 G298 Etot H298 G298 Etot H298 G298 Etot H298 G298 tot H298 G298 Etot H298 G298 
 
r3 
Bolztmann Avg. -1.0 0.0 5.2 -3.8 -2.9 1.6 1.3 2.3 6.7 -0.2 0.6 6.0 0.8 1.7 7.0 -3.2 -2.4 -3.6 
Best Conf. -1.1 -0.2 4.8 -3.6 -3.3 0.8 1.6 2.3 6.0 0.5 0.9 4.9 1.6 2.3 6.3 -2.6 -2.4 -2.6 
                   
r4                   
Bolztmann Avg. 3.5 -1.5 -1.6 13.8 8.6 8.2 8.4 3.2 2.7 12.1 7.1 6.6 12.3 7.5 6.9 9.6 2.1 -4.0 
Best Conf. 2.8 -1.9 -1.6 12.9 8.0 7.9 7.5 2.7 2.6 11.0 6.3 6.2 11.2 6.5 6.4 9.2 2.1 -3.5 
 
r5H 
Bolztmann Avg. 15.1 10.7 9.1 15.1 10.5 8.4 16.8 13.9 11.8 13.5 9.7 9.8 12.9 9.0 8.9 12.7 8.6 9.2 
Best Conf. 14.5 9.9 8.2 14.9 10.6 8.9 16.0 13.6 12.1 14.1 9.9 10.1 13.3 9.3 9.0 12.0 8.3 9.7 
                   
r6H                   
Bolztmann Avg. 5.1 5.3 3.4 -20.0 -20.8 -13.4 0.3 1.4 1.3 -14.3 -15.1 -7.5 -16.2 -16.8 -8.7 -19.6 -16.4 -11.6 
Best Conf. 4.3 4.5 2.7 -17.5 -18.7 -12.3 -0.2 -1.5 3.0 -12.3 -13.5 -6.8 -14.1 -15.2 -8.1 -17.7 -14.9 -8.2 
 
r7H 
Bolztmann Avg. 1.1 3.2 4.5 7.5 7.5 6.0 2.1 3.5 4.5 6.4 6.5 5.0 7.6 7.6 6.1 9.1 6.5 9.7 
Best Conf. 0.3 3.1 4.5 7.1 6.8 5.5 1.9 3.8 5.2 5.9 6.2 5.0 7.1 7.1 5.8 8.2 5.7 9.4 

aLevel of geometry optimization. bSingle point energy calculations over (U)B3LYP/6-31G(d) optimized geometries. 
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3.1.5.2 Extended Lysine (Lys, 5) 

Conformational analysis of all distonic systems as listed in Figure S3-13 indicates the presence of 
hydrogen bonding interactions between the neutral and charged side chain residues and the 
dipeptide amide groups. It is only for lysine dipeptide model 5a that remote charge effects on radical 
stability can be analyzed. This is due to the fact that conformational minima with fully extended 
side chains exist for all four relevant species [neutral and protonated forms of closed-shell parents 
and their radicals, see Figure S3-14 (B)]. In the discussion, we will focus on results derived from 
total free energy ( Etot) and enthalpy values ( H298) calculated at (U)M06-2X\6-
31+G(d)//(U)B3LYP\6-31G(d) level.  
 
Fully Optimized cis/trans Lysine Optimize (5a) 

 

Figure S3-14. (A) [Scheme S5] Reaction system to study the effect of charge on the stability of the 
C  radical of extended cis/trans lysine (5a). (B) [Figure S24] Structures obtained from geometry 
optimization at the (U)B3LYP/6-31G(d) level of theory in the gas phase. 

All four structures are energetically much less stable than the most favourable conformers with 
direct side chain-backbone interactions but can be assumed to be similarly biased through the 
extended side chain. Focusing on enthalpy values H298, neutral radical r5a is strongly stabilized 
by RSE(a, r5a) = -80.6 kJ/mol (Table S3-22), which is mainly due to the amide s-cis conformations 
as noted in earlier studies.6 This value is reduced through protonation to cation radical r5aH to 
RSE(b, r5aH) = -60.6 kJ/mol. The difference of 20.0 kJ/mol is very similar to that calculated using 

Etot energy values (21.0 kJ/mol). The ciRSE of 20 kJ/mol for the lysine dipeptide model 5a 
described in Table S3-22 is likely a consequence of multiple factors that include the through space 
charge/spin interactions, additional through bond interactions between side chain and radical center 
and conformational changes as the result of optimization after protonation. This makes the direct 
comparison with the stabilizing/destabilizing effects of Na+ on glycyl dipeptide radical r1 very 
difficult.  

Table S3-22. [Table S49] RSEs and ciRSE values (in kJ/mol) calculated at different levels of theory 
for the systems shown in Figure S3-14 (A). 

Cis Trans Lysine 
Optimized 

RSE 
(a, r5a) 

RSE 
(b, r5aH) 

ciRSE 
(ab, 5a) 

 
RSE 

(a, r5a) 
RSE 

(b, r5aH) 
ciRSE 

(ab, 5a) 
 (U)B3LYP\6-31G(d)a  (U)M06-2X\6-31+G(d)b 

Etot -106.0 -83.8 22.2  -87.5 -66.5 21.0 
H298 -99.1 -77.8 21.3  -80.6 -60.6 20.0 
G298 -93.6 -71.4 22.1  -75.0 -54.2 20.9 

aLevel of geometry optimization. bSingle point energy calculations over (U)B3LYP/6-31G(d) 
optimized geometries. 
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Partially Optimized All trans Lysine (5b) 

 
Figure S3-15. (A) [Scheme S6] Reaction system to study the effect of charge on the stability of the 
C  radical of extended all trans lysine (5b) (B) [Figure S25] Structures for the system shown in 
Scheme S6. 5b and r5b were obtained from geometry optimization at (U)B3LYP/6-31G(d) level of 
theory in the gas phase. For the remaining structures, only the added hydrogens are optimized (see 
Scheme S6 for more details). 

Below describes the procedure we employed to limit the influence of conformational changes and 
to estimate through bond interactions between the side chain and the radical center on the ciRSE 
for the lysine dipeptide model. We are using all trans lysine (5b) as an example [Figure S3-15 (A)]. 
The same procedure is used for the other cases.  
Step 1: The RSE(a) is calculated using a fully extended conformation of neutral closed-shell lysine 
(5b) and its C  radical (r5b). We paired structurally similar closed and open-shell systems [Figure 
S3-15 (B)]. 
Step 2: A remote charge is introduced via protonation at the terminal NH2 group of 5b and r5b, 
which yield the starting structures for charged 5bH and r5bH, respectively. Freezing the rest of the 
molecule, all hydrogens at the NH3 group of 5bH and r5bH are relaxed during optimization. The 
RSE(b) is then calculated from partially optimized 5bH and r5bH. The ciRSE(ab) obtained in this 
way has a very limited contribution from the change in conformations of the involved species.  
Step 3: To estimate the contribution of through bond interactions between the terminal functional 
group and the radical center on the ciRSE, the carbon chain connecting C  and the terminal function 
group (NHx) is removed from all species of lysine [see eqs. c and d in Figure S3-15 (A)]. One 
hydrogen atom is added at C  and NHx in this process. All the hydrogens at C  and NHx are 
selectively relaxed by freezing the rest of the molecule during optimization. The ciRSE(cd) 
obtained this way is mainly the result of through space charge/spin interactions. 
Table S3-23 lists the result on all trans lysine (5b) computed using the above-defined procedure. 
Here we discuss the results in terms of total free energy ( Etot) calculated at (U)M06-2X\6-31+G(d) 
level. For all trans lysine (5b), ciRSE(ab) is 7.2 kJ/mol and charge effect is further reduced by 4.7 
kJ/mol once we removed the carbon chain (linker). Thus, the ciRSE(cd) only amounts to 2.5 kJ/mol. 
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It is very small effect, but it is possible to make a rough direct comparison of ciRSE(cd) to the 
stabilizing/destabilizing effects of Na+ on the glycyl dipeptide radical r1. In 5bH_wl, the NH4

+ 
group is located at 645 pm away from C  [Figure S3-15 (B)] and has a position equivalent to Na+ 
at the angle of 270-280o in the yz-plane (at a distance of 600-700 pm).  

Table S3-23. [Table S50] RSEs and ciRSE values (in kJ/mol) calculated at different levels of theory 
for the systems shown in Figure S3-15 (A). 

 With Linker  Without Linker (wl) 
Etot RSE(a) RSE(b) ciRSE(ab)  RSE(c) RSE(d) ciRSE(cd) 

(U)B3LYP\6-31G(d) 
5b -112.7 -105.5 7.2  -104.8 -101.9 3.0 

(U)M06-2X\6-31+G(d) 
5b_wl -92.9 -85.7 7.2  -88.3 -85.8 2.5 

 
Similarly, in r5bH_wl, the NH4

+ position is equivalent in terms of distance and direction to Na+ at 
the angle of 150-160o in the yz-plane (at a distance of 600-700 pm). CSCE and RCE values for 
1/r1+Na+ complexes in the yz-plane at a varying distances are listed in Table S3-20. CSCE for 
1+Na+ at a distance of 600-700 pm and orientation of 270-280o in the yz-plane lies in a range of -
2.2 to -4.7 kJ/mol. RCE for r1+Na+ at a distance of 600-700 pm and orientation of 150-160o in the 
yz-plane lies in a range of -3.7 to -5.4 kJ/mol. The ciRSE (= RCE - CSCE) calculated using the 
1/r1+Na+ complexes in the geometries described above yield stabilization energies of -0.5 to -1 
kJ/mol relative to neutral 1/r1. It is important to note that in case of glycyl dipeptide both radical 
and closed shell systems have plannar C5 conformations, while the all trans lysine 5bH_wl has a 
non-plannar C5 conformation. 
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4.1 Introduction 

Hydrogen atom transfer (HAT) is one of the most fundamental steps in oxidation reactions. HAT 
from the protein and peptide backbone or side chains generates radicals that play an essential role 
in numerous biochemical and physiological processes.1 Amino acids (AAs) as the fundamental 
building blocks of proteins and peptides have received considerable attention in earlier studies of 
HAT reactions. Reactive oxygen-centred radicals like hydroxyl ( OH),2 tert-butoxyl [(CH3)3C-O , 
t-buO ]3 and cumyloxyl [PhC(CH3)2-O , CumO ]4 are often employed to study the 
thermodynamics and kinetics of HAT processes from AAs. Glycine (NH2-CH2-COOH, Gly) is 
chemically the simplest of the 20 natural AAs and, along with its derivatives, has been extensively 
employed as a model substrate to study the oxidative stress to proteins and peptides. We previously 
used the stability of carbon- and oxygen-centred radicals to rationalize the thermodynamics of C-H 
abstraction from glycine derivative methyl N-acetylglycinate [CH3-C(=O)-NH-CH2-C(=O)-O-
CH3] by t-buO .5 In the preceding two chapters of this thesis, we investigated the conformational 
preference (Chapter 2) and stability (Chapter 3) of 2-acetamino-N-methylacetamide [CH3-C(=O)-
NH-CH2-C(=O)-NH-CH3, 1, also referred to as glycine dipeptide], a derivative of glycine with both 
C and N termini capped with amide bonds.6 
Here, in collaboration with Prof. M. Bietti, we are investigating HAT reaction from the C-H bonds 
of glycine dipeptide (1) using theoretical calculations and laser flash photolysis (LFP). HAT from 
the C(alpha) position of 1 leads to a disubstituted radical designated as r1C . Similarly, HAT from 
the N-terminal capping acetyl group [CH3-C(=O)-, Ace] and the C-terminal N-methylamide 
capping group [CH3-NH-, NMe] leads to monosubstituted radicals r1Ace and r1NMe respectively. 
Figure 4-1 depicts the HAT process from 1 and the corresponding radicals generated as a result of 
it along with the designations that are used to address them in the text. 

 
Figure 4-1. Glycine dipeptide (2-acetamino-N-methylacetamide, 1) and the corresponding carbon-
centred radicals (r1NMe, r1Ace and r1C ) generated as a result of a HAT reaction. 

 

4.2 Results and Discussion 

4.2.1 Methodology 

The conformational space of glycine dipeptide 1 has been explored using systematic and force field 
based conformational search procedures 2.1.2 Procedure for Conformational 
Search  Chapter 2) to obtain a pool of starting geometries that were subsequently 
employed to obtain the starting structures for carbon-centered radicals (r1Ace, r1C , and r1NMe) by 
removing the hydrogen atom at the respective locations. All the structures have been optimized at 
the (U)B3LYP/6-31G(d) level of theory.7 Thermal corrections to enthalpies and free energies at 
298.15 K have been calculated at the same level of theory using the rigid rotor/harmonic oscillator 
model. Refined energies for the (U)B3LYP/6-31G(d) optimized conformation pool of each species 
have then been obtained with the G3(MP2)-RAD compound scheme (that is optimized for open-
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shell systems).8 Thermal corrections have been scaled by a factor of 0.9806 for G3(MP2)-RAD. All 
the results that we are going to discuss were calculated at G3(MP2)-RAD level if not mentioned 
otherwise. For the solvation effect, G3(MP2)-RAD values were corrected with solvation energies 
obtained at the PCM(acetonitrile)/HF/6-31G(d)//(U)B3LYP/6-31G(d) level of theory.9 The 
program MacroModel 10.8 was employed for molecular mechanics (MM)-based conformational 
searches with the OPLS_2005 force field (FF)10 parameters. All other calculations were performed 
by using Gaussian09, Rev. D.01.11 

4.2.2 Conformational Preferences 

The gas phase lowest enthalpy ( H298) conformer of closed-shell parent compound 1 and open-
shell systems r1Ace and r1NMe has a C7 conformation, while r1C  prefers the extended C5 
conformation (see Figure 4-2). The enthalpic conformational preference is the same for the level of 
optimization [(U)B3LYP/6-31G(d)] and for single point calculations at the G3(MP2)-RAD level of 
theory. In terms of the gas phase free energy ( G298), the all-trans extended C5 conformer becomes 
the lowest energy conformer for closed-shell 1 and open-shell r1C  (see SI for more details). 

 
Figure 4-2. (A) Systematic diagram of glycine dipeptide (1) and its conformational distribution. (in 
terms of backbone  and  angles) (B) Conformational distribution of carbon-centered radicals 
(r1Ace, r1C  and r1NMe) of 1. Refer to Table S2-1 for the details of the nomenclature in classifying 
the peptide geometry. (C) Gas phase rel. H298 values for 1, r1Ace, r1C  and r1NMe calculated at 
G3(MP2)-RAD level of theory.  
 

4.2.3 Thermodynamic Stability 

4.2.3.1 Radical stabilization energies (RSEs) 

systems as a measure of the 
thermodynamic stabilities of the respective peptide radicals.12 In the third chapter of this thesis, we 
have reported radical stabilization energy (RSE) values for the C radical of glycine dipeptide (r1C ) 
in reference to methyl radical ( CH3) calculated using equation 1 (Figure 4-3).6b 
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Figure 4-3. Isodesmic reaction used to calculate the RSE of C radical of glycine dipeptide (r1C ). 

We can use similar isodesmic reactions for calculating RSE values for radicals r1Ace and r1NMe 
generated through a HAT process from the terminal methyl C-H bonds of 1 to methyl radical as 
employed for r1C  (Figure 4-4).  

 
Figure 4-4. Isodesmic reactions used to calculate RSE values for radicals r1Ace and r1NMe. 

Figure 4-5 depicts gas phase RSE values for radicals r1Ace, r1C , and r1NMe calculated at the 
G3(MP2)-RAD level of theory. For the sake of simplicity, we use enthalpy ( H298)-based RSE 
values, as the relative order of stability for these radicals remains the same for free energies ( G298) 
or enthalpies. The r1C radical is the most stable among the three carbon-centred radicals of glycine 
dipeptide 1 with a best conformer-based gas phase stability value of RSE(r1C ) = -74.1 kJ/mol that 
is followed by r1NMe and r1Ace with RSE(r1NMe) = -45.7 kJ/mol and RSE(r1Ace) = -23.3 kJ/mol 
respectively (see Figure 4-5). The stability trend remains the same with Boltzmann-averaged RSE 
values (see SI). 

 
Figure 4-5. The best conformer-based gas phase RSE (kJ/mol) values for radicals r1Ace, r1C , and 
r1NMe calculated at the G3(MP2)-RAD level of theory, using equations defined in Figure 4-3 and 
Figure 4-4.  

We can understand the order of stability in these radicals (r1Ace, r1C , and r1NMe) using the concepts 
of resonance and frontier orbital theory. Relative to the 3 radical, r1Ace is -23.3 kJ/mol (RSE) 
more stable. The RSE value reported here is in excellent agreement with previously reported values 
by our group and others for closely similar systems at the same or comparable levels of theory (see 
Figure 4-6). Radom et al. previously reported a RSE value of -23.0 kJ/mol for carbonyl-substituted 
methyl radicals such as N-methylacetaminyl [ CH2-C(=O)-NH-CH3] calculated at G3(MP2)-RAD 
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level of theory.8b We previously reported RSE values of -22.7 kJ/mol12d for the methyl-centred 
radical of acetic acid [ CH2-C(=O)-OH] at G3(MP2)-RAD level, The Radom group also calculated 
a closely similar value (-22.1 kJ/mol13 at the G3X(MP2)-RAD level). The r1Ace radical is more 
stable than methyl because of resonance stabilization through the C-O double bond [-C(=O)-NH-
R].  Figure 4-7(A) shows the stabilizing interactions between the radical centre and the 

-acceptor in terms of a two orbital/one electron interaction between the radical 
SOMO and the acceptor LUMO, which leads to spin delocalization into the C-O double bond.   

  
Figure 4-6. Previously reported RSE values ( H298, kJ/mol) for selected systems of interest. 

The RSE value for radical r1NMe amounts to -45.7 kJ/mol, which is close to the RSE values of -43.0 
kJ/mol14 and -44.9 kJ/mol12d for the structurally similar N-methyl radicals of N-methylacetamide 
[ CH2-NH-C(=O)-CH3] and aminomethyl radical [ CH2-NH2], respectively (see Figure 4-6).  

 
Figure 4-7. Orbital interaction and resonance structures for (A) r1Ace (B) r1NMe and (C) r1C  
radicals.  

Radical r1NMe is more stable than methyl radical because of the presence of an adjacent lone pair 
donor group [-NH-C(=O)-R]. The stabilizing effect of the lone pair donor substituent can be 
described by a two orbital/three electron interaction [between the radical SOMO and the lone pair 
HOMO], which leads to resonance-induced spin delocalization as shown in Figure 4-7(B). The 
nitrogen of the amide donor group [-NH-C(=O)-R] destabilizes the radical centre by an electron-
withdrawing inductive effect due to its higher electronegativity compared to carbon, but this 
destabilizing effect is outweighed by its stabilizing lone pair donor ability. Radical r1NMe is more 
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stable than r1Ace because the function of the lone pair donor substituent [-NH-C(=O)-R] in the 
former is more effective for spin delocalization. In r1NMe spin delocalization involves four centres 
compared to three in r1Ace [see resonance structures in Figure 4-7(A and B)]. Radical r1C  is 
substituted by both electron donor and -acceptor groups. The total additive stabilizing effect of both 
groups is -69.0 kJ/mol [RSE(r1NMe) = -45.7 kJ/mol + RSE(r1Ace) = -23.3 kJ/mol]. However, the 
RSE (r1C ) = -74.1 kJ/mol, that is 5.1 kJ/mol more than the additive value. This indicates -
donor and -acceptor groups have a synergetic interaction. This synergetic behaviour is sometimes 
referred to as captodative effect ore effectively as the energy 
difference between them decreases. We can understand the captodative effect in r1C  using a 
stepwise perturbation approach, where interaction between radical SOMOR and acceptor LUMOA 
result into a SOMON that is lower in energy than SOMOR. The energy difference between SOMOAR 
and donor HOMOD is lower than a difference of the later with the unperturbed SOMOR and this 
leads to better stabilization by a donor substituent for disubstituted r1C  as compare to r1NMe, where 
the HOMOD interacts with the unperturbed SOMOR (see Figure 4-7C). A similar argument can be 
framed for first analysing the SOMOR and HOMOD interaction that leads to a higher energy 
SOMODR [see orbital interaction in r1NMe Figure 4-7(B), the energy of new SOMODR is higher than 
SOMOR]. Now, the energy difference between SOMODR and LUMOA is lower, and that leads to 
stronger stabilizing interaction. Thus, when a -donor and -
acceptor groups then this results into extra stabilization as compare to monosubstituted radicals. 

4.2.3.2 Thermodynamics of HAT from 1 to CumO  

The experimental investigation described in the next section for HAT from glycine dipeptide 1 is 
conducted using as the hydrogen atom acceptor. The thermodynamics of HAT processes 
from different C-H bonds of 1 to can be described using reaction equations that are similar 
as those shown in Figure 4-3 and Figure 4-4, except now the reference system has been changed 
from CH4 3 to CumO HAT from different sites 
of 1 is shown in Figure 4-8. The order of stability for the resultant radicals is r1C  > r1NMe > r1Ace 
as excepted, identical to the order indicated by RSE. The reaction energies for  are higher 

3 because the former is less stable by 12.0 kJ/mol and 9.0 kJ/mol in terms of 
enthalpy and free energy, respectively. 

 
Figure 4-8. The best conformer-based gas phase reaction energies (kJ/mol) for a HAT to 
from different carbon centres of 1 (that result in the formation of r1Ace, r1C , and r1NMe radicals) 
calculated at G3(MP2)-RAD level of theory.  

4.2.4 Reaction Rates for HAT Processes 

Bietti et al. recently measured the absolute rate constant for HAT from Boc-(tert-
butyloxycarbonyl)-protected amino acids to  radical using laser flash photolysis.15, 4a The 
C -H was found to be the most reactive for a HAT to  for most of the amino acids. Here, 
we have studied the reaction of the cumyloxyl radical ( ) with N-methylacetamide (NMA), 
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glycine dipeptide (1) and alanine dipeptide (2). All the kinetic were performed in argon-saturated 
acetonitrile and DMSO solutions of dicumyl peroxide at 25 ± 0.5 °C under magnetic stirring by 
following the visible absorption (490 nm) of radical. We have used a 10 mM concentration 
of dicumyl peroxide when employing 266 nm laser flash photolysis (LFP) for  radical 
generation and a 1.0 M concentration when employing 355 nm LFP. In the kinetics experiments, 
the substrate concentration has been varied between 0.1 and 2.0 M depending on the reactivity 
towards radical. The observed rate constants (kobs) were derived following the decay of 

at different concentrations of substrate. A linear correlation is obtained between kobs and 
the substrate concentration. The second-order rate constants for HAT to kH) were obtained 
from the slope of this linear relationship (Figure 4-9).  

 
Figure 4-9. Procedural depiction of kinetic investigations to obtain the second-order rate constant 
(kH) for HAT reaction between and the substrate (Sub-H) under investigation using laser 
flash photolysis (LFP). 

In DMSO, the measured second-order rate constants (kH) for the  radical with 1 and 2 are 
2.9 x 105 and 3.2 x 105 M-1s-1 respectively (Figure 4-10). The measured kH value of 1 is very close 
to the previously studied Boc-Gly-OH [kH = (2.8 ± 0.1) x 105 M-1s-1, DMSO]4a toward HAT with 

. The measured kH values for 1 and 2 indicate that HAT predominantly occurs from the C-
H bonds of the N-methylamide group that represents the most activated (or least deactivated) site 
for reaction with the electrophilic . This observation is supported by the similar values of 
kH for both 1 and 2, as in case of Boc-Gly-OH and Boc-Ala-OH, Salamone et al. found a 1.4 2-fold 
increase in kH for Boc-Gly-OH as compare to Boc-Ala-OH (Figure 4-10).4a The similarity of the kH 
values measured (in MeCN) for a HAT from N-methylacetamide (NMA) to  (kH = 3.2 x 105 
M-1s-1) with kH

 values of 1 and 2 (in DMSO) further support the conclusion that hydrogen atom 
abstraction occurs mainly from the N-methylamide group in 1 and 2, although it is important to note 
that the measurements are in different solvents and that makes the direct less reliable. Alternatively, 
the kH values (in MeCN) are very similar for NMA and Boc-Gly-OH. Similarly, The kH values (in 
DMSO) are similar for Boc-Gly-OH and 1. It is also possible that C-H bonds at N-methylamide 
and C  have comparable reactivity for HAT to the  radical. 

 
Figure 4-10. Second-order rate constants (kH) for the reaction of  with NMA, Boc-Gly-
OH, Boc-Ala-OH, 1 and 2. 
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Predominant hydrogen atom abstraction from the N-methyl group of 1 by instead of the 
weaker C -H bonds is contrary to the thermodynamic preference reflected by the RSE values 
mentioned previously, and the resulting radical r1NMe is less stable than radical r1C . Previous 
reports by Watts and Easton on protonated [NH3

+-CH2-C(=O)-OH] and N-acetylated [CH3-C(=O)-
NH-CH2-C(=O)-OH] AAs highlight the peculiar reaction profiles of their side chain C-H bonds 
(instead of the weaker C -H bond) towards radical hydrogen abstraction by Cl .2c Later 
studies explained this behaviour as a combined manifestation of several factors.16 First, by kinetic 
deactivation of C -H bonds through steric effects caused by the presence of adjacent carboxyl, 
protonated amino and acetamido groups that repel the attacking electronegative chlorine- and 
oxygen-based radicals. This causes a general kinetic deactivation of C -H bonds towards radical 
reactions. Second, these electron withdrawing substituents deactivate the C -H bonds electronically 
and slow down reaction with electrophilic radicals such as Cl .17 
The third important factor is the occurrence of comparatively early transition states, which implies 
that the thermodynamic preference for captodative stabilization in radical r1C  is not much reflected 
in the reaction barrier. Although these studies employed different AA models, their findings are 
highly relevant to the current system under investigation. In order to understand the 
contrathermodynamic behaviour of HAT between and 1, we studied the potential energy 
surface (PES) for this process. Figure 4-11 depicts the key results of this exercise in terms of gas 
and solution phase free energies ( G). It is important to mention that the formation of reactant 
complexes (RC) is unfavourable entropically and thus plays no important role in determining the 
reaction barrier for HAT from 1 to . The barriers reported here are thus in reference to the 
isolated reactants 1 and . 

 
Figure 4-11. Gas ( G298) and solution phase ( Gsol) free energy surfaces (in kJ/mol) for hydrogen 
abstraction reaction from different carbon centres of 1 by  calculated at G3(MP2)-RAD 
level of theory. Solvation energies are obtained at the PCM(acetonitrile)/HF/6-31G(d)//(U)B3LYP 
/6-31G(d) level of theory. Distances are given in Å. 
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Gas phase free energy barriers ( G298) for hydrogen atom abstraction correlate well with the 
exergonicity of the reactions (Figure 4-11). Hydrogen abstraction from N-terminal methyl is least 
exergonic (-26.3 kJ/mol) and has the highest barrier of +71.8 kJ/mol, followed by HAT from the C-
terminal methyl group with a reaction free energy of -49.2 kJ/mol and a barrier of +58.9 kJ/mol. 
The hydrogen abstraction from the C(alpha) position has the lowest reaction barrier and is also most 
exergonic (Figure 4-11) that is also reflected by the RSE values (Figure 4-8) discussed in the 
previous section. Again, these gas phase reaction barriers indicate that the C -H bond in 1 is the 
weakest C-H bond in the system and should thus be the preferred site for hydrogen abstraction by 

. This finding is contrary to the interpretation of currently available experimental reaction 
rates, where the C-terminal methyl group is assumed to be more reactive towards . In a case 
like ours, where the electrophilic  radical abstracts hydrogen from aliphatic C-H bonds of 
1, the transition state (TS) is excepted to be polar in nature. It is generally expected that the polarity 
of the medium has a significant influence on such a polar TS.18, 4b Solation effects may be 
particularly relevant for our system (1) as the three sites of interest have different substitution 
patterns that may result in different polar effects in the TSs. Most of the experimental data that we 
have are calculated for reaction in acetonitrile and DMSO solutions. So, to estimate the effects of 
solvation in a polar organic medium, the gas phase free energy surfaces for hydrogen atom transfer 
have been corrected by single point solvation energy calculations at the PCM(acetonitrile)/HF/6-
31G(d)//(U)B3LYP/6-31G(d) level of theory. The solution phase free energy surfaces ( Gsol) show 
that the polar aprotic solvent acetonitrile as described by the polarizable continuum model (PCM) 
destabilizes all transition states relative to the corresponding isolated reactants and products (Figure 
4-11). The solvation-induced destabilization effect is largest for the TS for hydrogen abstraction 
from carbon alpha (+45 kJ/mol), where the barrier in solution ( Gsol) increases to 84.2 kJ/mol from 
39.2 kJ/mol in the gas phase ( G298). More importantly, hydrogen abstraction from the C-terminal 
methyl group is predicted to face the lowest free energy barrier of +81.6 kJ/mol in acetonitrile 
solution. This trend in solution phase barriers agrees well with the experimental observation that 
the C-terminal methyl group 1 is the preferential site of attack by  for hydrogen abstraction.   

4.2.5 Conclusions 

The results obtained in this investigation to understand the reactivity pattern for HAT from aliphatic 
carbons of glycine dipeptide 1 to cumyloxy radical shows the following. The C-H bonds 
of the N-terminal acetyl group, due to the presence of an electron withdrawing substituent, are 
deactivated for hydrogen abstraction by . The reaction path for this process is the least 
exergonic and has the highest reaction barrier in both gas and solution phase. The hydrogen atom 
abstraction from carbon alpha is the most exergonic in glycine dipeptide 1, because of the generation 
of captodatively stabilized radical r1 . This position is also the most favourable for hydrogen 
abstraction in terms of gas phase reaction barriers. Perhaps the most important conclusion so far is 
that the neighbouring lone pair donor-activated C-H bonds at the C-terminal methyl group has the 
lowest solution phase free energy barrier for radical hydrogen abstraction by among all C-
H bonds in glycine dipeptide 1. The polarity of the medium thus plays a crucial role in such a polar 
HAT processes. 

4.2.6 Outlook 

Going further, we will investigate the reaction of glycine dipeptide 1 with di-tert-butylhyponitrite 
(t-BuON=NOBu-t), which can generate alkoxy radicals (t-BuO ) under mild conditions. 
Investigation includes synthesis of initial compounds: radical source t-BuON=NOBu-t, glycine 
dipeptide 1 and possible products of the reaction. Figure 4-12 depicted the calculated classical 
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deuterium kinetic isotope effects (KIE) on the reaction barrier for hydrogen abstraction reaction 
from different carbon centres of 1 by the  radical calculated at G3(MP2)-RAD level.  

 
Figure 4-12. Classical deuterium kinetic isotope effects (KIE) on gas phase free energy surfaces 
( G298, in kJ/mol) for hydrogen abstraction reaction from different carbon centres of 1 by  
calculated at G3(MP2)-RAD level. 

The calculated KIE for 1 indicate a that its deuterated analogues react 5.5-7.5 times slower. The 
synthesis of site-specific isotopically labelled analogues of glycine dipeptide 1 is planned to exploit 
the KIE for investigating HAT reaction from glycine dipeptide 1 to the t-BuO  radical. To see the 
HAT dependence, the kinetics of the reactions will be measured in various solvents and different 
conditions (temperature, concentration). 
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4.3 Supporting Information  

For: Stability of Peptide Radicals: Thermodynamics vs. Kinetics 

4.3.1 Conformational Preferences 

 

Table S4-1. List of minima for glycine dipeptide (1, Gly) and its radicals [r1Ace (rAce), r1C  (rGly) 
and r1NMe (rNMe)] obtained from geometry optimization at (U)B3LYP/6-31G(d) level of theory 
in the gas phase using systematic conformational search.  

SI Molecule 
(U)B3LYP\6-31G(d)  G3(MP2)-RAD 

  1 2 C  Peptide E H298 G298  E H298 G298 
 Glycine dipeptide (1)              
1 Gly_0_30_180_180 82 291 173 183 C7 tt 0.0 0.0 4.8  0.0 0.0 2.7 
2 GlyD_C5_CSSym1 180 180 180 180 C5 tt 3.5 2.0 0.1  5.7 4.2 0.1 
3 Gly_20_160_180_180 180 180 180 180 C5 tt 3.5 2.0 0.0  5.7 4.2 0.0 
4 Gly_0_40_180_180 123 338 188 176  tt 10.9 10.1 12.7  12.3 11.5 11.9 
5 Gly_0_160_180_0 180 180 180 4 C5 tc 11.4 9.8 10.1  12.2 10.7 8.8 
6 Gly_20_40_0_180 94 2 6 182  ct 19.0 17.9 22.5  17.5 16.5 18.8 
7 Gly_50_0_180_0 94 243 164 1 C7 tc 20.0 20.1 23.6  19.5 19.6 20.9 
8 Gly_180_90_0_180 180 180 360 180 C5 ct 22.8 20.7 21.8  25.7 23.7 22.7 
9 Gly_20_180_0_180 75 152 349 178  ct 27.5 26.2 30.4  28.2 26.9 29.0 
10 Gly_180_130_0_0 180 180 360 3 C5 cc 30.9 28.5 31.0  32.7 30.3 30.7 
11 Gly_40_170_0_0 71 170 347 3  cc 38.7 37.0 42.0  37.8 36.2 39.0 
12 Gly_20_60_0_0 77 71 358 6  cc 41.9 40.9 46.2  40.0 39.0 42.1 
13 Gly_20_40_180_0 70 43 186 4  tc 44.4 42.7 43.9  40.4 38.8 37.8 
14 Gly_180_60_0_0 197 64 350 356  cc 45.2 44.2 48.5  43.4 42.5 44.6 
15 Gly_170_20_0_0 208 64 351 4  cc 45.7 44.5 47.8  42.7 41.6 42.7 
               
 r1C  (rGly)              
1 rGlyD_C5_CSSym1 180 180 180 180 C5 tt 0.0 0.1 2.8  0.0 0.1 2.8 
2 rGly_170_110_180_180 180 180 180 180 C5 tt 0.0 0.0 0.0  0.0 0.0 0.0 
3 rGly_110_160_180_0 180 179 180 357 C5 tc 7.7 7.9 8.9  5.9 6.1 7.2 
4 rGly_160_120_0_180 180 180 360 180 C5 ct 11.3 10.7 17.1  10.8 10.3 16.7 
5 rGly_160_90_0_0 180 179 0 356 C5 cc 18.7 18.3 24.9  16.7 16.3 22.9 
6 rGly_170_20_180_180 184 15 176 216  tt 31.5 31.2 38.8  27.1 26.8 34.4 
7 rGly_40_0_180_180 5 1 181 174  tt 31.6 32.1 36.5  30.9 31.4 35.8 
8 rGly_130_0_0_180 174 346 2 147  ct 32.8 32.4 41.2  27.9 27.5 36.3 
9 rGly_40_180_0_180 38 186 9 183  ct 43.1 42.3 48.6  39.7 38.9 45.2 
10 rGly_120_10_180_0 180 343 183 355  tc 45.1 45.5 53.7  41.1 41.5 49.7 
11 rGly_140_50_0_0 181 18 358 4  cc 47.9 48.2 57.8  43.1 43.4 53.0 
12 rGly_30_20_0_180 56 12 14 202  ct 53.6 52.3 60.2  45.8 44.5 52.4 
13 rGly_20_170_180_180 42 196 195 197  tt 59.4 57.4 62.9  49.7 47.7 53.2 
14 rGly_20_150_180_0 42 197 195 357  tc 68.5 66.5 71.2  59.1 57.2 61.9 
15 rGly_0_40_0_0 41 25 13 356  cc 69.8 69.1 78.0  60.4 59.8 68.7 
16 rGly_20_50_180_0 21 46 190 9  tc 72.9 71.9 78.5  62.6 61.6 68.2 
               
 r1Ace (rAce)              
1 rAce_0_180_180_180 278 68 189 177 C7 tt 0.0 0.0 0.0  0.0 0.0 0.0 
2 rAce_0_40_180_180 124 339 191 177  tt 11.3 10.4 7.5  11.8 11.0 8.1 
3 rAce_10_90_0_180 90 10 9 181  ct 19.1 18.4 16.3  16.6 16.0 13.8 
4 rAce_50_0_180_0 91 240 160 0  uc 20.3 20.5 20.0  19.1 19.3 18.8 
5 rAce_130_140_0_180 181 180 0 180 C5 ct 23.6 21.6 13.5  26.0 24.1 16.0 
6 rAce_180_130_0_0 180 180 360 3 C5 cc 31.5 29.5 25.0  32.9 30.9 26.4 
7 rAce_20_180_0_180 70 153 347 178  ct 31.6 30.4 25.3  31.4 30.2 25.1 
8 rAce_20_60_0_0 79 68 7 6  cc 39.7 39.2 38.6  37.4 37.0 36.4 
9 rAce_40_170_0_0 66 174 345 5  cc 42.2 40.6 37.1  40.2 38.7 35.2 
10 rAce_20_40_180_0 70 42 189 4  tc 44.6 42.8 39.7  39.6 37.9 34.8 
11 rAce_180_60_0_0 187 62 348 355  cc 46.4 45.7 42.6  44.9 44.3 41.1 
12 rAce_170_20_0_0 206 63 350 4  cc 47.3 46.3 40.7  44.4 43.4 37.8 
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 r1NMe (rNMe)              
1 rNMe_0_0_180_180 279 67 187 178 C7 tt 0.0 0.0 0.4  0.0 0.0 0.0 
2 rNMe_180_180_180_180 180 180 180 180 C5 tt 9.7 8.0 0.0  10.6 8.9 0.6 
3 rNMe_0_160_180_0 180 180 180 360 C5 tc 11.6 10.0 0.2  13.1 11.6 1.5 
4 rNMe_0_40_180_180 125 334 190 180  tt 14.5 13.7 9.0  15.4 14.6 9.5 
5 rNMe_50_0_180_0 116 280 179 1 C7 tc 20.7 20.9 18.8  21.2 21.4 19.0 
6 rNMe_20_40_0_180 97 3 8 181  ct 23.1 22.0 21.1  21.1 20.0 18.7 
7 rNMe_130_140_0_180 180 180 0 180 C5 ct 29.5 27.2 21.6  31.2 28.9 23.0 
8 rNMe_180_130_0_0 180 180 360 359 C5 cc 30.6 28.4 24.2  33.0 30.9 26.2 
9 rNMe_0_180_0_180 77 144 349 179  ct 33.0 31.8 30.0  33.1 31.9 29.7 
10 rNMe_40_170_0_0 71 173 348 2  cc 36.8 35.5 35.1  36.7 35.5 34.7 
11 rNMe_20_60_0_0 78 75 352 3  cc 41.1 40.6 41.0  41.1 40.6 40.6 
12 rNMe_20_40_180_0 62 47 189 3  tc 42.0 41.0 35.1  40.2 39.3 32.9 
13 rNMe_180_0_0_0 160 294 9 2  cc 44.4 43.8 42.9  44.3 43.7 42.4 

1* C5 conformation with CS framework group. 
 

4.3.2 Thermodynamic Stability 

Table S4-2. RSE values (in kJ/mol) for radicals r1Ace, r1C , and r1NMe calculated at different levels 
of theory using equations defined in Figure 4-3 and Figure 4-4 (CH4 3 reference system). 

 r1Ace  r1C   r1NMe 
E H298 G298  E H298 G298  E H298 G298 

(U)B3LYP/6-31G(d) 
Best Conf. -39.8 -37.3 -23.4  -105.2 -101.3 -96.9  -58.7 -56.9 -43.9 
Bolz. Avg. -41.0 -38.2 -23.5  -106.3 -102.1 -96.6  -59.7 -57.5 -44.1 
            

G3(MP2)-RAD 
Best Conf. -25.7 -23.3 -14.3  -77.9 -74.1 -74.6  -47.4 -45.7 -37.2 
Bolz. Avg. -26.7 -24.4 -14.5  -78.7 -75.0 -74.2  -48.3 -46.6 -37.1 

 

 

Table S4-3. Reaction energies (in kJ/mol) for HAT between CumOH 3 calculated at 
different levels of theory. 

 
 (U)B3LYP/6-31G(d)  G3(MP2)-RAD 
 E H298 G298  E H298 G298 

Best Conf. -43.9 -39.4 -33.7  4.7 9.0 12.0 

 
 

Table S4-4. Reaction energies (kJ/mol) for a HAT to from different carbon centres of 1 
(that result in the formation of r1Ace, r1C , and r1NMe radicals) calculated at different levels of 
theory. 

 r1Ace  r1C   r1NMe 
E H298 G298  E H298 G298  E H298 G298 

(U)B3LYP/6-31G(d) 
Best Conf. 4.1 2.1 10.3  -61.4 -61.9 -63.2  -14.9 -17.6 -10.2 
Bolz. Avg. 2.9 1.1 10.2  -62.4 -62.8 -62.9  -15.8 -18.2 -10.4 
            
G3(MP2)-RAD 
Best Conf. -30.4 -32.3 -26.3  -82.6 -83.1 -86.6  -52.1 -54.7 -49.2 
Bolz. Avg. -31.4 -33.4 -26.5  -83.3 -84.0 -86.2  -53.0 -55.6 -49.2 
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4.3.3 Potential Energy Surface 

 
Table S4-5. Transition state (TS), reactant complex (RC) and product complex (PC) energies ( H, 
kJ/mol) relative to separate reactants for hydrogen abstraction reaction from different carbon centres 
of 1 by  obtained at different levels of theory. 

System 
Filename 

(U)B3LYP/6-31G(d), H298   G3(MP2)-RAD, H298  G3(MP2)-RAD + PCM, Hsol 
RC TS PC  RC TS PC  RC TS PC 

r1Ace (rAce) 
ace_1 -33.6 33.8 -24.4  - 14.3 -  - 45.7 - 
ace_co_ts_3 -33.6 35.4 -45.0  -39.7 21.6 -84.6  16.9 35.1 -41.2 
ace_co_ts_9 -33.6 33.7 -30.1  -39.7 20.2 -74.6  16.9 48.8 -46.1 
Isolated Product   2.1    -32.3    -58.3 
            
r1C  (rGly) 
ca_co_ts_7 -22.9 -5.5 -79.0  -35.3 -12.8 -116.2  -2.1 28.0 -82.7 
Isolated Product   -61.9    -83.1    -94.9 
            
r1NMe (rNMe) 
nme_14 -15.8 16.8 -37.5  -18.4 8.9 -86.3  6.2 27.3 -55.1 
nme_19 -33.6 17.0 -40.1  - -4.7 -  - 32.9 - 
Isolated Product   -17.6    -54.7    -78.5 

 
 

Table S4-6. Transition state (TS), reactant complex (RC), product complex (PC) and isolated 
products (IP) energies ( G, kJ/mol) for hydrogen abstraction reaction from different carbon centres 
of 1 by  obtained at different levels of theory. 

System 
Filename 

(U)B3LYP/6-31G(d), G298   G3(MP2)-RAD, G298  G3(MP2)-RAD + PCM, Gsol 
RC TS PC  RC TS PC  RC TS PC 

r1Ace (rAce) 
ace_1 18.9 95.7 28.5   73.7    109.3  
ace_co_ts_3 18.8 88.0 10.1  10.3 71.8 -31.9  71.2 89.5 15.7 
ace_co_ts_9 18.9 89.0 21.8  10.4 73.0 -25.1  71.2 105.8 7.7 
Isolated Product   10.3    -26.3    -48.1 
            
 
ca_co_ts_7 21.0 48.8 -38.7  6.2 39.2 -78.4  43.5 84.2 -40.7 
Isolated Product   -63.2    -86.6    -94.2 
            
 
nme_14 36.5 69.3 11.0  31.6 58.9 -40.3  60.3 81.6 -4.9 
nme_19 18.9 83.2 18.3   59.1    100.9  
Isolated Product   -10.2    -49.2    -77.2 
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5.1 Supporting Information  

For: Unique Stereoselective Homolytic C-O Bond Activation in Diketopiperazine-Derived 
Alkoxyamines by Adjacent Amide Pyramidalization 

5.1.1 Technical Details 

Force field-based calculations: The MacroModel module of Maestro 10.2,1 was employed for 
molecular mechanics (MM)-based conformational search using OPLS 2005 force field. 
Quantum mechanics calculations: The geometries of all conformers were optimized at the 
B3LYP/6-31G(d) level of theory in the gas phase.2 The frequency calculations were performed at 
the same level of theory and all minima were confirmed with all positive frequencies. Single point 
calculations were done at double hybrid B2-PLYP/G3MP2Large3 level. The energies were 
calculated for a temperature of 298.15 K in the gas phase and the thermal corrections to the enthalpy 

y were obtained at the B3LYP/6-31G(d) level of theory. The solvent 
correction for Gsol was calculated for gas phase optimized geometries using the SMD4 continuum 
solvation model and subsequently added to gas phase Gibbs energies ( G298) to obtain solution 
phase Gibbs energies that will be mentioned as single point solvation free energies ( Gsol-sp). 
Potential energy surface (PES): Geometry optimizations for all stationary points (minima, 
complexes and TSs) along the PES have been performed at B3LYP/6-31G(d) level under implicit 
DMSO solvation as implemented in the SMD solvation model. Energy minima, complexes and TSs 
were confirmed by vibrational frequency calculation with 0, 0 and 1 imaginary frequencies, 
respectively. All stationary points were checked for wavefunction stability (stable=opt). The nature 
of transition states was further confirmed by IRC calculations [30 steps in both directions 
(reverse/forward) with stepsize=3] followed by geometry optimization to a minimum. PES surfaces 
were re-evaluated at B2-PLYP/G3MP2Large level. Orbital interactions were analyzed using NBO 
6.0.5 All calculations were performed using Gaussian09, Rev. D.01.6 

5.1.2 Diketopiperazine (DKP)-Derived Alkoxyamine (1) 

 
Figure S5-1. [Figure S7] (A) An unusual trans-cis isomerization of diketopiperazine (DKP)-
derived alkoxyamine 1. (B) Structure of the G298) minima of trans 
and cis isomers of 1 obtained at the B3LYP/6-31G(d) level of theory.  

For solvation-corrected energies, geometry optimization was performed at the B3LYP/6-31G(d) 
level of theory in the gas phase, followed by a single point at higher levels of theory for selected 
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conformers. Gas phase energy values were corrected with DMSO implicit solvation energies ( Gsol) 
calculated using the SMD solvation model at the same level of theory.  

5.1.2.1 Conformational energetics 

 
Figure S5-2. [Figure S10] Solvation corrected conformational energetics for the trans(t)-cis(c) 
isomerization of DKP-alkoxyamine (1) at different levels of theory. 

 

Table S5-1. Solvation corrected conformational energetics (kJ/mol) for the trans(t)-cis(c) 
isomerization of DKP-alkoxyamine (1) at different levels of theory.   

SI 
Conformer 

Marker 
B3LYP/6-31G(d) 

B2PLYP-FC 
\G3MP2Large 

MP2-FC 
\G3MP2Large 

B3LYP 
\G3MP2Large 

B3LYP 
\cc-pVTZ 

B3LYP-D3 
\cc-pVTZ 

Esol-sp Hsol-sp Gsol-sp 
1 c 0.4 0.7 0.0 0.0 0.0 0.0 0.0 0.0 
2 c_3 0.8 1.1 1.2 - - - - - 
3 c_6 3.4 4.0 3.5 - - - - - 
4 c_2 0.0 0.0 1.3 1.8 1.7 2.4 2.1 1.5 
5 c_7 4.8 5.1 6.4 - - - - - 
6 c_5 3.8 3.8 6.0 - - - - - 
7 c_8 8.7 9.1 11.8 - - - - - 
8 c_16 11.8 12.2 13.4 - - - - - 
9 c_13 12.9 13.3 16.0 - - - - - 
10 c_10 7.8 9.0 13.2 - - - - - 
11 c_11 8.6 9.8 13.7 - - - - - 
12 c_12 10.5 11.0 15.3 - - - - - 
13 c_15 10.7 10.5 14.2 - - - - - 
14 t 9.2 9.5 12.7 11.9 6.1 16.0 15.5 10.2 
15 t_18 15.2 14.3 15.3 - - - - - 
16 t_3 10.9 11.0 12.3 - - - - - 
17 t_4 14.2 14.6 18.0 17.3 15.0 19.5 19.3 18.9 

Etot at B3LYP/6-31G(d) level have been reported.
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5.1.2.2 Mechanistic investigation 

 

Table S5-2. Transition state (TS), reactant complex (RC) and product (P) relative energies (kJ/mol) 
for the trans-cis isomerization, thermal cycloisomerization and radical recombination of DKP-
alkoxyamines (1) calculated at different levels of theory. (see Figure S5-3 for more information on 
labels under path name). 

Path Name 
(Label) 

FileName 
Gsol-sp  Hsol-sp 

RC TS P  RC TS P 
(U)B3LYP/6-31G(d)     
trans-cis isomerization        
ts_cis cis_6_196 40.5 72.8 -27.3  -6.7 11.9 -93.2 
ts_cis cis_6_7 40.8 78.9 -20.9  -3.8 15.1 -88.5 
ts_cis cis_6_2 35.0 73.0 -26.3  -6.9 11.1 -94.0 
ts_trans trans_6_216 38.6 81.7 -14.7  -7.9 16.9 -84.3 
ts_trans trans_6_4 - 89.6 -9.5  - 26.3 -79.3 
Thermal cycloisomerization        
ts_7_endo rTrans_6_11 - 81.9 -5.6  - 68.8 -16.8 
ts_7_endo rCis_6_10 - 79.4 -12.1  - 67.6 -18.7 
ts_6_exo rCis_6_exo_5 - 72.3 16.8  - 60.9 8.4 
ts_6_exo rCis_6_exo_3 - 74.7 19.1  - 61.2 9.2 
ts_6_exo rCis_6_exo_2 - 69.7 16.4  - 59.2 8.7 
ts_6_exo rCis_6_exo_6 - 69.7 15.7  - 59.5 7.3 
ts_6_exo rCis_6_exo_1 - 68.3 13.0  - 58.3 7.1 
ts_6_exo rCis_6_exo_4 - 78.6 19.3  - 62.8 10.1 
Radical recombination        
ts_7e_rb rCis_Bdg_2 32.2 55.3 -83.4  -22.0 -9.3 -159.0 
ts_7e_rb rCis_Bdg_1 24.9 56.1 -88.2  -26.0 -9.6 -160.3 
ts_6e_rb rCis_6_exo_2_4 53.3 76.0 -49.1  -1.0 3.8 -120.7 
ts_6e_rb rCis_6_exo_2_6 50.9 75.4 -56.9  -0.1 5.8 -125.3 
ts_6e_rb rCis_6_exo_2_3 52.5 82.8 -56.8  -2.2 10.9 -126.1 
ts_6e_rb rCis_6_exo_2_1 52.0 76.5 -56.1  -0.5 5.9 -124.8 
ts_6e_rb rCis_6_exo_2_2 56.0 83.3 -95.3  1.4 -0.1 -164.1 
     
/(U)B2PLYP/G3MP2Large//B3LYP/6-31G(d)     
trans-cis isomerization        
ts_cis cis_6_196 40.1 75.5 -50.6  -7.1 14.7 -116.3 
ts_cis cis_6_7 - 82.4 -  - 18.6 - 
ts_cis cis_6_2 - 76.8 -48.9  - 15.0 -116.6 
ts_trans trans_6_216 35.1 82.0 -38.5  -11.5 17.2 -108.1 
ts_trans trans_6_4 - 91.1 -33.2  - 27.8 -103.0 
Thermal cycloisomerization        
ts_7_endo rTrans_6_11 - 85.1 -5.2  - 72.1 -16.4 
ts_7_endo rCis_6_10 - 82.8 -12.2  - 71.0 -18.8 
ts_6_exo rCis_6_exo_5 - 74.3 11.8  - 62.9 3.4 
ts_6_exo rCis_6_exo_3 - 76.4 14.6  - 62.9 4.6 
ts_6_exo rCis_6_exo_2 - 71.5 11.6  - 61.0 3.9 
ts_6_exo rCis_6_exo_6 - 71.7 9.7  - 61.4 1.3 
ts_6_exo rCis_6_exo_1 - 70.5 7.3  - 60.5 1.4 
ts_6_exo rCis_6_exo_4 - 79.7 14.3  - 64.0 5.1 
Radical recombination        
ts_7e_rb rCis_Bdg_2 29.0 55.0 -104.3  -25.1 -9.5 -179.9 
ts_7e_rb rCis_Bdg_1 22.1 56.9 -108.5  -28.9 -8.8 -180.6 
ts_6e_rb rCis_6_exo_2_4 47.3 72.5 -68.8  -7.0 0.3 -140.4 
ts_6e_rb rCis_6_exo_2_6 - - -  - - - 
ts_6e_rb rCis_6_exo_2_3 47.9 - -  -6.7 - - 
ts_6e_rb rCis_6_exo_2_1 - - -  - - - 
ts_6e_rb rCis_6_exo_2_2 - 83.9 -115.3  - 0.5 -184.1 
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Figure S5-3. [Figure S20] Solvation corrected Gibbs Gsol-sp) surface for the trans-cis isomerization and reaction diagram for homolysis and 
radical recombination of DKP-alkoxyamines (1) calculated at (U)B2PLYP/G3MP2Large//(U)B3LYP/6-31G(d) level of theory. A single point solvation 

Gsol, at SMD(DMSO)/(U)B3LYP/6-31G(d) G298 [at (U)B2PLYP/G3MP2Large//(U)B3LYP/6-31G(d)]. 
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5.1.2.3 NBO analysis 

 
Figure S5-4. [Figure S21] Important hyperconjugation interactions (in kJ/mol) in cis and trans isomers of DKP alkoxyamines 1. 

 

Table S5-3. [Table S3] G298) conformers of cis and 
trans isomers of DKP alkoxyamines 1 calculated at the B3LYP/6-31G(d) level of theory. 

cis-1 

 

trans-1 
Donor Atom  Acceptor Atom Atom E(2) Donor Atom  Acceptor Atom Atom E(2) 
Orbital  1  Orbital  1 2 kJ/mol Orbital  1  Orbital  1 2 kJ/mol 

LP (2) O3  BD* (1) C4 N1 50.5 LP (2) O3  BD* (1) C4 N1 49.9 
              
LP (1) O3  BD* (1) C4 H 8.5 LP (2) O3  BD* (1) C4 H6 9.8 
LP (2) O3  BD* (1) C4 H 7.5 LP (1) O3  BD* (1) C4 H6 8.7 
         SUM 16.0          SUM 18.5 
              
LP (1) O3  BD* (1) C3 C4 2.2 LP (1) O3  BD* (1) C3 C4 2.4 
LP (2) O3  BD* (1) C3 C4 5.7 LP (2) O3  BD* (1) C3 C4 3.4 
         SUM 7.9          SUM 5.8 
              
LP (1) N2  BD* (2) C3 O2 307.7 LP (1) N2  BD* (2) C3 O2 283.7 
               
LP (1) N1  BD* (1) C4 O3 75.7  LP (1) N1  BD* (1) C4 O3 78.1 
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5.1.3 Quaternary diketopiperazine (QDKP)-derived alkoxyamines (q1) 

5.1.3.1 Conformational energetics 

 

 
Figure S5-5. [Figure S23] A) Gas phase conformational energetics for trans cis isomerization 
of q1. Geometry optimization was performed at the B3LYP/6-31G(d) level of theory in the gas 
phase, followed by single point calculations at higher levels of theory for selected conformers. (B) 
Lowest gas phase Gibbs energy ( 298) minima in the trans/cis isomerization of q1. 

 

Table S5-4. Gas phase conformational energetics (kJ/mol) for trans(t)-cis(c) isomerization of q1 at 
different levels of theory.   

SI 
Conf. 

 
B3LYP/6-31G(d) 

B2PLYP-FC 
\G3MP2Large 

Gsol-sp  Hsol-sp Esol-sp 
1 c_3 0.0 0.0 0.0 0.0 
2 c_1 2.4 1.6 1.4  
3 c_4 2.9 3.4 2.8  
4 c_2 4.6 4.5 4.8  
5 c_5 8.5 6.0 5.0  
6 c_11 11.0 9.7 9.6  
7 c_7 12.8 9.4 8.3  
8 t_1 12.3 8.2 7.6 8.1 
9 t_3 12.5 8.2 7.6  
10 t_2 12.7 8.1 7.6  
11 t_4 13.4 11.8 11.6  
12 t_5 14.6 10.4 9.6  
13 t_26 14.7 10.4 9.6  
14 t_17 14.7 10.3 10.3  
15 t_6 15.0 13.3 12.8  

Only the Etot at B3LYP/6-31G(d) level have been reported. 
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5.1.3.2 NBO analysis 

 
Figure S5-6. [Figure S24] Important hyperconjugation interactions (in kJ/mol, pop=nbo6) in cis 
and trans isomers of QDKP alkoxyamine q1 calculated at the B3LYP/6-31G(d) level of theory. 

 

Table S5-5. [Table S4] Important hyperconjugation interactions (in kJ/mol, pop=nbo6) in the 
lowest gas phase Gibbs energy cis and trans isomers of q1 calculated at the B3LYP/6-31G(d) level 
of theory. 

cis-q1 

 

trans-q1 
Donor 
Orbital  

 Acceptor Orbital E(2) Donor 
Orbital  

 Acceptor Orbital E(2) 
  1 2 kJ/mol   1 2 kJ/mol 

LP(2) O3  BD*(1) C4 N1 36.4 LP(2) O3  BD*(1) C4 N6 41.1 
              
LP(1) O3  BD*(1) C4 C29 14.9 LP(2) O3  BD*(1) C4 C29 2.8 
       LP(1) O3  BD*(1) C4 C29 14.8 
                    SUM 17.6 
              
LP(1) O3  BD*(1) C3 C4 11.7 LP(1) O3  BD*(1) C3 C4 2.2 
       LP(2) O3  BD*(1) C3 C4 7.9 
                    SUM 10.1 
              
LP(1) N2  BD*(2) C3 O2 304.4 LP(1) N2  BD*(2) C3 O2 278.9 
 

Table S5-6. Transition state, and product relative energies (kJ/mol) for the trans-cis isomerization 
of q1 calculated at different levels of theory. (see Figure S5-7 for more information on labels under 
path name) 

Path Name 
(Label) 

Conf. 
FileName 

(U)B3LYP/6-31G(d)  
(U)B2PLYP/G3MP2Large 

//B3LYP/6-31G(d) 
G298 Gsol-sp  G298 Gsol-sp 

Transition state      
ts_cis ts_qdkp_c6_2 72.1 90.2  67.2 83.9 
ts_cis ts_qdkp_c6_1 74.5 71.7  69.0 64.8 
ts_trans ts_qkdp_t6_4 84.0 83.1  74.8 72.5 
       
Product       
cis-q1 qdkp_c6_3 6.5 23.7  -28.1 -12.3 
trans-q1 qdkp_t6_1 18.8 37.8  -15.3 2.3 
trans-q1 qdkp_t6_25 23.2 36.7  -11.7 0.4 
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Figure S5-7. [Figure S25(B)] Gsol-sp, kJ/mol) for trans-
cis isomerization of QDKP alkoxyamine q1 calculated at (U)B3LYP/6-31G(d) level of theory. A 
single point solvation correction calculated for implicit DMSO using SMD solvation model at 
(U)B3LYP/6-31G(d) level of theory. 
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Radical fluorination has been known for a long time, but synthetic applications were severely

limited by the hazardous nature of the first generation of reagents such as F2 and the strongly

electrophilic nature of the second generation of reagents such as N-fluorobenzenesulfonimide

(NFSI) and Selecfluor®. Here, we report the preparation, use and properties of N-fluoro-N-

arylsulfonamides (NFASs), a class of fluorinating reagents suitable for radical fluorination

under mild conditions. Their N–F bond dissociation energies (BDE) are 30–45 kJ mol−1 lower

than the N–F BDE of the reagents of the second generation. This favors clean radical fluor-

ination processes over undesired side reactions. The utility of NFASs is demonstrated by a

metal-free radical hydrofluorination of alkenes including an efficient remote C–H fluorination

via a 1,5-hydrogen atom transfer. NFASs have the potential to become the reagents of choice

in many radical fluorination processes.
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The introduction of fluorine atoms into organic molecules
significantly changes their physical, chemical, and biolo-
gical properties, and is therefore very attractive for the

preparation of innovative materials, agrochemicals, and phar-
maceuticals1–3. Moreover, 18F-labeled organic compounds are of
high clinical interest as contrast agents for positron emission
tomography (PET)4–6. This situation has created a strong
demand for efficient fluorination techniques. In the last 30 years,
the introduction of fluorine atoms using nucleophilic and elec-
trophilic reagents has led to remarkable advances. Radical fluor-
ination has been known for a long time, but synthetic applications
were severely limited by the hazardous nature of the first gen-
eration of reagents (Fig. 1a) such as F27, hypofluorites (ROF)8,
and XeF29. Recently, a second generation of reagents, initially
developed and optimized for electrophilic fluorination, changed
dramatically that picture and radical fluorination is becoming an
essential tool for selective fluorination under mild conditions
(Fig. 1b)10–13. Sammis and co-workers14 proposed in 2012 that
N-fluorobenzenesulfonimide (NFSI), Selectfluor®, and N-fluor-
opyridinum salts (NFPY), due to their low N–F bond dissociation
energies (BDE), may be used for radical fluorination. This
hypothesis was confirmed by the description of a radical fluor-
inative decarboxylation of tert-butyl peresters (Fig. 1b)14 and 2-
aryloxy carboxylic acids using NFSI15 as a source of fluorine
atom. NFSI was also used by Zhang et al.16 for the copper-
catalyzed aminofluorination of styrene, by Britton and co-
workers17 for a tetra-n-butylammonium decatungstate-catalyzed
C(sp3)–H bond fluorination, and by Lectka and co-workers18 for
the aminofluorination of cyclopropanes. Following the work of Li
on the Ag(I)-catalyzed fluorodecarboxylation with

Selectfluor®19,20, this reagent became the most common reagent
for radical fluorination processes11. Using this reagent, the dec-
arboxylative fluorination21–24 has been thoroughly investigated
and very recently the fluorination of tertiary alkyl halides was
reported25. Interestingly, the fluorinative deboronation of alkyl-
pinacolboranes and alkylboronic acids catalyzed by Ag(I) with
Selectfluor® was reported by Li (Fig. 1b)26. Aggarwal and co-
workers27 reported that such a radical process involving Select-
fluor® was a competing reaction during the electrophilic fluor-
ination of boronate complexes. Boger and Barker28 developed an
Fe(III)/NaBH4-mediated free radical Markovnikov hydro-
fluorination of unactivated alkenes with Selectfluor®. A related
cobalt-catalyzed hydrofluorination reaction was reported by
Hiroya and co-workers29 using a N-fluoropyridine source of
atomic fluorine. Groves and co-workers30,31 developed recently
an appealing manganese-catalyzed procedure for C–H fluorina-
tion process using the nucleophilic F− as the fluorine source.

The second generation of radical fluorinating agents has
transformed the field. However, they are often penalized by the
necessity to use a transition metal catalyst and by their strong
electrophilic/oxidative character. A careful look at the reaction
mechanisms shows that they are frequently involved in electron
transfer processes and that carbocation intermediates are gener-
ated by overoxidation processes. This was clearly demonstrated
by Li and co-workers19 for the non-catalyzed fluorinative dec-
arboxylation of peresters with Selectfluor® in the absence of a Ag
(I) catalyst. A third generation of reagents designed to work
efficiently under mild radical reaction conditions without being
involved in electrophilic or electron transfer processes is clearly
needed32,33. We report here that N-fluoro-N-arylsulfonamides
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(NFASs) belong to this third generation of radical fluorinating
reagents (Fig. 1c). NFASs have been optimized for the
catecholborane-mediated hydrofluorination of alkenes and tested
in the fluorinative decarboxylation of peresters.

Results
Design of radical fluorinating agents. Initial investigations of
the hydrofluorination of alkenes started with the hydroboration
of 1-phenyl-1-cyclohexene 1a with catecholborane followed by
reaction with Selectfluor® and NFSI as fluorinating agents
(Fig. 2a). Reaction with Selectfluor® was highly exothermic and
led to decomposition of the intermediate B-alkylcatecholborane.
No trace of the fluoride 2a was detected by GC analysis. The
reaction with NFSI afforded 2a in 15% yield. In order to suppress
undesired side reactions caused by the electrophilicity of the
fluorinating agents, less electrophilic N–F reagents were tested.
Benzenesulfonamides 3a–3b and benzamide 3c were prepared by
fluorination of the corresponding amides34 and tested, but all
three N-fluoroamides proved to be inefficient (yields ≤ 4%).

The disappointing results obtained with the N-fluoro-N-
alkylamides 3a–3c were interpreted as a consequence of a too
high BDE of the N–F bonds. In order to put this hypothesis on a
quantitative basis, N–F BDEs were calculated for Selectfluor®,
NFSI, and 3a–3c in the gas phase and in DMF solution (Fig. 2b).
As in previous studies on radical stabilities of N-centered radicals,
geometry optimizations have been performed at the (U)B3LYP/
6–31G(d) level of theory35. Thermochemical corrections to
298.15 K have been calculated at the same level of theory using
the rigid rotor/harmonic oscillator model. Improved relative
energies were obtained using the (RO)B2PLYP/G3MP2Large and
G3(MP2)-RAD scheme proposed by Radom and co-workers36,37.
The stabilities for N-centered radicals obtained from fluoramides
R2N–F have been determined with reference to fluoroamine
(H2N–F) using the isodesmic fluorine exchange reaction shown
in Eq. (1).

R2N� Fþ �NH2 ! R2N� þ F� NH2 ΔH298 ¼ RSEðR2N�Þ
ð1Þ

BDEðR2N� FÞ ¼ RSEðR2N�Þ þ BDEðH2N� FÞ ð2Þ

The reaction enthalpies (ΔH298) obtained from Eq. (1)
(commonly referred to as radical stabilization energies of the
substrate radicals R2N•) can be combined with the reference value
for the H2N–F parent system (+286.6 kJ mol−1)38 to obtain N–F
BDE values of the fluoroamines R2N–F as expressed in Eq. (2).
The trends in N–F BDE values are very similar at all levels of
theory and also in the gas phase and in DMF solution (see
Supplementary Figs. 219–221 and Supplementary Tables 4–7).
For the sake of brevity we will only discuss the results obtained at
the G3(MP2)-RAD level. In DMF solution the N–F BDEs of 3a,
3b, and 3c are calculated to be 263.0, 263.6, and 274.6 kJ mol−1

(62.9, 63.0, and 65.6 kcal mol−1), which is close to the N–F BDE
in Selectfluor® (265.7 kJ mol−1, 63.5 kcal mol−1), but slightly
higher than in NFSI (259.3 kJ mol−1, 62.0 kcal mol−1) (Fig. 2b).
These results are in line with the fact that such N-alkylamidyl
radicals are only weakly stabilized35 and have been used recently
for C–H chlorination, bromination, and xanthylation reactions39–
41.

In order to decrease the N–F BDE while maintaining enough
polar effects to favor the fluorination of (nucleophilic) alkyl
radicals, N-fluoro-N-arylsulfonamides (NFASs) 4 were investi-
gated (Fig. 3). A solution phase N–F BDE of 222.3 kJ mol−1 (53.1
kcal mol−1) was calculated for N-Fluoro-N-(4-(trifluoromethyl)
phenyl)benzenesulfonamide 4a, supporting our assumption that
N-aryl substituents should lead to lower N–F BDEs due to
stabilization of the corresponding amidyl radical by delocalization
onto the aromatic ring. Analyzing the impact of electron-
withdrawing substituents in the anilide moiety and of electron-
donating substituents in the arylsulfonyl moiety of 4a, we find
neither of these to lead to large alterations in the N–F BDE values.
In fact, all N–F BDE values calculated for NFASs 4a–4i cluster in
the range from 220.0–226.1 kJ mol−1 (52.6–54.0 kcal mol−1),
which is well below that for NFSI (62.0 kcal mol−1, this value is
in good accordance with the one of 63.4 kcal mol−1 calculated
recently by Xue, Cheng and co-workers)33.

Attempts to prepare the simple N-fluoro-N-phenylbenzene-
sulfonamide were not successful, presumably due to side reactions
involving reaction of NFSI with the electron-rich aromatic anilide
moiety. After deactivation of the anilide moiety with electron-
withdrawing groups (CF3, F), the NFASs 4a–4i were readily
prepared by fluorination of the amides upon treatment with
Cs2CO3 and NFSI and they could be purified by flash
chromatography followed by recrystallization from heptane

F
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Fig. 2 Initial attempts of hydrofluorination via formation of B-alkylcatecholboranes. a Hydrofluorination of 1-phenyl-1-cyclohexene (1a) with Selectfluor®,
NFSI, and N-fluoro-N-alkylamides 3a–3c. b Solution phase (DMF) N–F bond BDEs (ΔHsol) calculated at the G3(MP2)-RAD level of theory
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(Fig. 3). The structures of 4a and 4f have also been determined by
X-ray crystallography and are depicted in Fig. 3. The N–F bond
lengths in 4a and 4f (1.43 and 1.44 Å, respectively) were found to
be marginally longer than the N–F bond length in NFSI (1.42 Å).
The structures obtained by X-ray crystallography match well with
those calculated at (U)B3LYP/6–31G(d) level (see Supplementary
Figs. 1, 2 and 218).

The hydrofluorination of 1-phenyl-1-cyclohexene (1a) with
NFASs 4a–4i was examined. Results are summarized in Table 1.
The N-fluorosulfonamide 4a was tested first using 0.1 equivalent
of DTBHN as the initiator in DMF. The fluorinated product 2a
was obtained in 30% yield together with 8% of phenylcyclohexane
and 10% of 1a. Since DMF is a good hydrogen atom donor, the
reaction was tested in benzene and acetonitrile35. However, the
desired fluoroalkane 2a was not formed in these less Lewis-basic
solvents (Table 1, entries 2–3). Other solvents such as N-
methylformamide, N-methyl-2-pyrrolidone, and hexamethylpho-
sphoramide were also tested, but they provided no improvement
over DMF. Using a larger amount of the radical initiator DTBHN
led to a slight but reproducible increase of the yield (Table 1,
entries 4–5, 45%). The other NFASs 4b–4i were tested under the
optimized reaction conditions of entry 4 (0.5 equivalent DTBHN,
DMF at 80 °C). NFASs bearing a second electron-withdrawing
group such as 4b–4d gave lower yields (Table 1, entries 6–8). The
other fluorinating agents 4e–4i provided the desired fluoride 2a
in similar yields (Table 1, entries 9–13, 40–47%). For practical
reasons, ease of preparation, and stability, the NFASs 4a and 4f
were selected for further studies. All the reactions reported in
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Table 1 Hydrofluorination of 1a with N-fluoro-N-(aryl)
arenesulfonamides 4a–4i

F

1) CatBH, DMA (cat.)
2) 4a–4i (3 equiv)
    initiator

Ph Ph

1a 2a

solvent

Entry F-reagent
yield [%]a

Initiator (equiv) Solvent T (°C) 2a

1 4a DTBHN (0.1) DMF 80 30
2 4a DTBHN (0.1) Benzene 80 –
3 4a DTBHN (0.1) CH3CN 80 –
4 4a DTBHN (0.5) DMF 80 45
5 4a DTBHN (1) DMF 80 45
6 4b DTBHN (0.5) DMF 80 9
7 4c DTBHN (0.5) DMF 80 23
8 4d DTBHN (0.5) DMF 80 30
9 4e DTBHN (0.5) DMF 80 41
10 4f DTBHN (0.5) DMF 80 47
11 4g DTBHN (0.5) DMF 80 43
12 4h DTBHN (0.5) DMF 80 41
13 4i DTBHN (0.5) DMF 80 40
14 4a DTBPO (0.5) DMF 60 47
15 4f DTBPO (0.5) DMF 60 51

aYields determined by GC using n-undecane as an internal standard
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Table 1, except for the bulky 4g (entry 11), were finished in less
than 10 min. Therefore, running the reaction at lower tempera-
ture was attempted. At 60 °C, the use of di-tert-butyl peroxyox-
alate (DTBPO, easily prepared by reacting oxalyl chloride with
tert-butyl hydroperoxide in the presence of pyridine in DMF) as
an initiator42,43 provided highly reproducible and slightly
improved yields of 47% (4a) and 51% (4f) (Table 1, entries 14
and 15). The reaction is believed to be a chain process involving
the reaction of the N-arylsulfonamidyl radical with the alkylca-
techolborane to provide the desired alkyl radical. By comparison,
the yield obtained with NFSI under these optimized conditions
was significantly lower (29%). Beside the fluoride 2a, small
amounts of phenylcyclohexane were detected by gas

chromatography in similar quantities with all three fluorinating
agents. Interestingly, the presence of the starting alkene 1a was
also observed but in significantly larger proportion with NFSI
than with 4a and 4f (see Supplementary Table 1 and
Supplementary Figs. 3–5). Since the hydroboration process takes
place with complete conversion, the formation of the alkene 1a
results from undesired side reactions (see Discussion).

The scope of the metal-free hydrofluorination process was
examined with non-terminal alkenes 1a–1i and NFASs 4a and 4f
(Fig. 4a). The corresponding secondary and tertiary fluorides 2a–
2i were isolated in 48–68% yields. In many cases, the
mesitylenesulfonamide 4f gave higher yields than the benzene-
sulfonamide 4a. Cyclopentene 1b was obtained with a good trans-
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selectivity (trans/cis 88:12). The hydrofluorination of the α-
pinene- and nopol-derivatives 1c–1e afforded 2c–2e with high
diastereoselectivities (dr ≥ 95:5). The β-citronellyl benzoate 1f and
the cholesteryl benzoate 1g were successfully hydrofluorinated in
53% and 48% yield, respectively. Preparation of the tertiary
fluoride 2h from 1,1′-bi(cyclohexylidene) (1h) worked as
expected (68% yield). The presence of a free radical intermediate
was demonstrated with (+)-2-carene 1i that produced the ring-
opening product 2i in 67% yield (Fig. 4b). Finally, based on our
recent work on the enantioselective hydroazidation44, a one-pot
enantioselective hydrofluorination of 1b was performed (Fig. 4c).
This one-pot procedure includes a hydroboration of the alkene
with (+)-IpcBH2, conversion to the diethyl boronate, transester-
ification to the B-alkylcatecholborane and a final radical
fluorination. The fluoride 2b was isolated in 52% yield and 91:9
enantiomeric ratio.

Kinetic data. The rate constants for the fluorine atom transfer
process between a secondary alkyl radical and NFSI, 4a and 4f were
estimated using the cyclooct-1-en-5-yl radical clock45–47. The B-
cyclooct-1-en-5-ylcatecholborane 5 was prepared by hydroboration
of 1,5-cyclooctadiene and treated with the three fluorinating agents
([N–F] reagent= 1.2M, three-fold excess) (Fig. 5a). The reaction
with NFSI afforded a 75:25 mixture of the 5-fluorocyclooct-1-ene 6
and 2-fluorobicyclo[3.3.0]octane 7. Both 4a and 4f afforded a nearly
equimolar mixture of 6 and 7. Based on this single concentration
experiment and the published rate constant for the cyclization
reaction (kc= 3.3 × 104 s−1 at 80 °C)47, a rough estimation of the
rate constants for fluorine transfer can be made, which for NFSI
amounts to kF ≈ 105M−1 s−1 and for the two N-fluoro-N-aryl
(arenesulfonamides) 4a and 4f to kF ≈ 3 × 104M−1 s−1 at 80 °C
(Fig. 5b). A preparative reaction was performed with 4f on 4mmol
scale. It afforded the pure fluorides 6 (31% yield) and 7 (22%)
(Fig. 5a).

Remote fluorination. The hydrofluorination of terminal alkenes
8a, 8b, and 11 was examined next (Fig. 6). The alkene 8a gave the
fluorinated product 9a in only 7% yield together with 7% of its
isomer 9a′ resulting from a radical mediated 1,5-hydrogen shift
and 50% of the corresponding alkane 10a. Running this reaction
in DMF-d7 gave 9a (12%) and 9a′ (11%) together with 29% of the
alkane 10a with less than 5% D-incorporation. The improved

hydrofluorination/reduction ratio demonstrates that the non-
deuterated DMF is probably acting as a hydrogen atom donor.
However, the absence of deuterium incorporation demonstrates
that other sources of hydrogen atoms are also present in the
reaction mixture (including the intermediate organoborane and
the fluorinating reagent itself). The methylated alkene 8b was also
investigated. The presence of the methyl group was expected to
favor the hydrogen atom transfer step. Indeed, product 9b′ (30%
yield) became the major fluorinated product. However, a sig-
nificant amount of alkane 10b (34%) was still produced. Based on
these observations, it became clear that with suitable substrates,
the radical hydrofluorination process can be used for efficient
remote fluorination via 1,5-hydrogen atom transfer. A related
remote fluorination process involving photoredox generated
iminyl radicals has been recently reported24. This point is
demonstrated by the hydrofluorination of the terminal alkene 11
that afforded the fluoride 12 in 68% yield with an excellent trans
diastereoselectivity.

Decarboxylative fluorination. The radical fluorination ability of
the NFASs 4a and 4f was further tested in the decarboxylative
fluorination of tert-butyl peresters and compared with NFSI and
Selectfluor® (Fig. 7). This reaction, due to its non-chain nature, is
not expected to be particularly efficient and recent methods have
clearly surpassed this procedure19,23. However, this simple reac-
tion is very suitable to compare reagents involved in a radical
mediated metal-free fluorination process. The decarboxylative
fluorination of 13a using 5 equivalents of NFSI at 110 °C (sealed
tube) according to the condition of Sammis, except for the use of
benzene instead of benzene-d6, gave 3-fluoropentadecane 14a in
5% yield together with a complex mixture of alkenes. This out-
come is in line with the result of Li who ran the same reaction in
benzene at 110 °C and did not observe the formation of the
fluoride 14a. All subsequent reactions were run in chlorobenzene
instead of benzene to avoid the use of a sealed reaction vessel and
only 2 equivalents of the fluorinating agent were used. Under
these conditions, the reaction was run with NFSI, Selectfluor®,
and NFASs 4a and 4f. NFSI provided the fluoride 14a in 7% yield,
while Selectfluor® gave only traces of 14a (<2%, due to the high
polarity of Selectfluor®, the reaction was performed in a 1:1
mixture of chlorobenzene and DMPU). Interestingly, both 4a and
4f gave the fluoride 14a in moderate 48% and 47% yield. Similar

CatB
F

kc = 3.3 × 104 s–1 (ref 47)

kF (NFSI) ≈ 105 M–1 s–1
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4a      6/7 55:45
4fa       6/7 56:44
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a

Fig. 5 Rate constant determination using the (Z)-cyclooct-1-en-5-yl radical clock. a Fluorination of boronate 5 with NFSI, 4a and 4f affords mixtures of
mono and bicyclic fluorides 6 and 7. b Estimated rate constants for the radical fluorination
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results were obtained with the tertiary radical derived from 13b.
Reactions with 4a and 4f gave 14b in 46% and 47% yield
accompanied by 35% of the alkenes. NFSI afforded only traces of
the product 14b (3%) together with larger amounts of 2-
methyltetradec-2-ene and 2-methyltetradec-1-ene (64%) (see
Supplementary Figs. 10 and 11). The cholic acid derivative 13c
was examined next. In that case too, NFSI (22% yield)
was inferior to 4a and 4f (39% and 33%, respectively).
Sammis and co-workers14 reported a yield of 50% for this reac-
tion when it was performed in deuterated acetonitrile on a 0.05
mmol scale.

Transition states and discussion. The higher fluorination rate
observed with NFSI relative to the NFASs results is best ratio-
nalized by polar effects. The paramount importance of polar
effects on the rate of radical reactions is well-established and has

been thoroughly discussed by Giese48, Fischer and Radom49 in
their leading review articles. Polar effects have been reported to
override thermodynamic effects for radical addition to alkenes50.
Recently, Xue, Cheng and co-workers have reported that NFSI
has a fluorine plus detachment (FPD) value lower than that of N-
methyl-N-fluoro-p-toluenesulfonamides by 145.6 kJ mol−1 (34.8
kcal mol−1) in acetonitrile solution. FPD values correlated well
with the reactivity of electrophilic fluorinating N–F reagents32.
The free energy surfaces for the fluorination of the isopropyl
radical in DMF solution have therefore been calculated at the
(RO)B2PLYP/G3MP2large level for NFSI, 4a, and 4f. The cal-
culations show slightly lower barriers for NFSI than for 4a
(ΔG≠

298=+46.1 vs. +51.3 kJ mol−1) and a somewhat higher
barrier for 4f (ΔG≠

298= +56.7 kJ mol−1). The transition states
(TSs) for NFSI and 4f are depicted in Fig. 8a, b, respectively. They
are characterized by long C–F (2.32–2.33 Å) and short N–F
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Fig. 7 Decarboxylative fluorination of tert-butyl peresters. The fluorinating reagents of the second generation provide the desired fluorides in significantly
lower yield than the one of the third generation due mainly to the formation of alkene side products
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(1.56–1.60 Å) distances typical for very early transition states. The
transition state charge distribution is very similar for all three
fluorination reagents and indicates a charge transfer component
of ca. 0.15–0.19e from the radical to the reagent. This charge
transfer component is quite important for such an early transition
state, where only 20–24% of the spin density has left the substrate
isopropyl radical. Interestingly, the most significant difference
between the NFSI and NFAS transition states concerns the length
of the N–F bond (1.56 Å for NFSI against 1.58–1.60 Å for
NFASs). In other words, the more electrophilic NFSI is able to
accommodate the extra electron density caused by the charge
transfer with less cleavage of the N–F bond relative to the NFASs
leading to an extra stabilization of the transition state in full
accordance with the polar effects aforementioned.

Both in the hydrofluorination and the decarboxylation
processes, NFSI provided the desired fluorinated products in
significantly lower yields than NFASs despite the observed higher
rate constant for the fluorine atom transfer. For both reactions,
the analysis of the crude reaction mixture showed the formation
of larger quantities of alkenes for reactions involving NFSI
relative to NFASs. The alkenes may result from at least three

competitive processes: a single electron transfer (SET) between
the fluorinating agent and the secondary alkyl radical leading to a
cation followed by loss of a proton; a post fluorination acid
catalyzed HF elimination; a radical cross-disproportionation
process involving the alkyl radical and the imidyl radical (NFSI)
or the amidyl radicals (NFASs). All these three processes are
expected to be more prominent when reactions are run with NFSI
relative to NFASs. Indeed, the electrophilic nature of NFSI should
favor the SET process (pathway a). The HF elimination (pathway
b) was experimentally found to be trigger by HF itself. The
presence of HF may result from electrophilic reactions between
the fluorinating agents and DMF or tert-butanol (hydrofluorina-
tion reaction) or traces of water (decarboxylation reaction)51,52.
Finally, the radical cross disproportionation process (pathway c)
is expected to be favored by the more reactive NFSI-derived
imidyl radical over the amidyl radicals derived from NFASs. The
difference of reactivity of these radicals is well-illustrated by the
calculated N–H BDE for the corresponding amides (H-NFSI:
BDE 454.2 kJ mol−1; H-4a BDE 393.0 kJ mol−1; H-4f BDE 390.6
kJ mol−1 (see Supplementary Fig. 222 and Supplementary
Table 8).
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Discussion
We have developed NFASs, a class of fluorinating reagents sui-
table for radical fluorination under mild conditions. The bond
dissociation energies of the NFASs are 30–45 kJ mol−1 lower than
the one of NFSI and Selectfluor®. This favors smooth radical
processes over side reactions caused by the electrophilic and
oxidant properties of the previous generations of radical fluor-
inating agents. NFASs were successfully used in a metal-free
hydrofluorination method involving hydroboration with cate-
cholborane followed by a radical deborylative fluorination. By
using monoisopinocampheylborane (IpcBH2) in the hydrobora-
tion step, the asymmetric hydrofluorination of trisubstituted
alkenes can easily be performed. Remarkably, NFASs also proved
to be superior to NFSI in decarboxylative fluorination of tert-
butyl peresters demonstrating that they are attractive reagents for
a broad range of radical mediated fluorination processes. They
have the potential to deeply transform the field of radical fluor-
ination by enabling powerful transformations under milder
conditions than the former generations of fluorinating agents.

Methods
N-Fluoro-N-(4-(trifluoromethyl)phenyl)benzenesulfonamide (4a). To a solu-
tion of N-(4-(trifluoromethyl)phenyl)benzenesulfonamide (12.05 g, 40.0 mmol) in
DCM (400 mL) was added Cs2CO3 (16.90 g, 52.0 mmol) and stirred at room
temperature for 60 min. Then, NFSI (16.40 g, 52.0 mmol) was added and the
mixture was allowed to stir at room temperature for 5 h. The mixture was diluted
with pentane (400 mL), filtered, and concentrated. The product was purified by
rapid column chromatography (heptane/TBME 85:15). Concentration of the col-
lected chromatography fractions to a volume of 100–150 mL promoted the crys-
tallization. The solution was stored for one night at 4 °C to yield 4a (10.15 g, 80%)
as a slightly yellow solid. Rf 0.40 (heptane/TBME 9:1); m.p. 74–75 °C.

N-Fluoro-2,4,6-trimethyl-N-(4-(trifluoromethyl)phenyl)-benzenesulfonamide
(4f). According to the procedure for 4a, starting from N-(4-(trifluoromethyl)
phenyl)-2,4,6-trimethylbenzenesulfonamide (17.17 g, 50.0 mmol). Crystallization at
4 °C yielded 4f (16.16 g, 89%) as a slightly yellow solid. Rf 0.55 (heptane/TBME
9:1); m.p. 116–117 °C.

General procedure for the hydrofluorination of alkenes. To a solution of the
alkene (1.0 mmol), N,N-dimethylacetamide (14 μL, 0.15 mmol) in dry DCM (1 mL)
was added dropwise catecholborane (0.23 mL, 2.2 mmol) at 0 °C. The reaction was
allowed to stir at 30 °C for 16 h. The mixture was cooled to 0 °C and t-BuOH
(0.124 mL, 1.3 mmol) was added. The reaction mixture was stirred at room tem-
perature for 15 min, concentrated under vacuum, and the residue was dissolved in
dry DMF (2 mL). DTBPO (117 mg, 0.5 mmol) and 4a or 4f (3.0 mmol) were added.
The mixture was heated to 60 °C (preheated oil bath was used) and stirred at this
temperature for 30–45 min. The crude product was purified by column
chromatography.

Data availability
Data supporting the findings of this work are available within the paper and its
Supplementary Information files and from the corresponding authors on request.
Source data for Supplementary Tables 9, 16 and 17 are provided as supplementary
data. CCDCs 1828679 and 1828684 contain the supplementary crystallographic
data for compound 4a and 4f, respectively. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via http://www.ccdc.
cam.ac.uk/data_request/cif
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6.1 Supporting Information  

For: A Third Generation of Radical Fluorinating Agents Based on N-Flouro-N-Arylsulfonamides 
 
 
 

6.1.1 Methodology 

As in previous studies on radical stabilities,1 geometry optimizations have been performed with a 
combination of the (U)B3LYP hybrid functional2 and the 6-31G(d) basis set3 in the gas phase. 
Thermochemical corrections (corr. ΔH & ΔG) to 298.15 K have been calculated at the same level 
of theory using the rigid rotor/harmonic oscillator model. Enthalpies (ΔH298) and Gibbs energies 
(ΔG298) at B3LYP/6-31G(d) level have been obtained through addition of corr. ΔG and corr. ΔH to 
ΔEtot respectively. Improved single point total electronic energies (ΔEtot) are obtained using the 
(RO)B2PLYP4/G3MP2Large and G3(MP2)-RAD scheme proposed by Radom et al..5 Final 
enthalpies (ΔH298) and Gibbs energies (ΔG298) have been obtained through a combination of ΔEtot 
calculated at (RO)B2PLYP/G3MP2Large and G3(MP2)-RAD with the thermochemical corrections 
(corr. ΔG and corr. ΔH) calculated at B3LYP/6-31G(d) level. A scaling factor of 0.9806 has been 
used for thermal correction to the G3(MP2)-RAD scheme. Single point solvation energies (ΔGsolv) 
for DMF were calculated for gas phase optimized geometries using the SMD6 continuum solvation 
model and subsequently added to gas phase energies to obtain solution phase energies that will be 
designated solution enthalpies (ΔHsol=ΔH298+ΔGsolv) and solution free energies 
(ΔGsol=ΔG298+ΔGsolv). In an alternative approached, geometry optimizations were carried out in the 
presence of the SMD continuum solvation model for DMF at the (U)B3LYP/6-31G(d) level. The 
Gibbs energies calculated using the implicit DMF optimized geometry are designated as ΔGsol-opt. 
Radical stabilization energies (RSE) for N-centered radicals generated by N-F homolytic bond 
cleavage in fluoroamines are measured with reference to fluoramine (H2N-F) using the isodesmic 
fluorine exchange reaction shown in equ. 1a. R2N-F bond dissociation energies (BDE) can then be 
derived from the calculated RSE values through the addition of the reference N-F BDE value in 
H2N-F (286.6 kJ/mol)7 as expressed in equ. 1b. 

 
In a completely analogous manner, N-H bond BDE values in the respective amines (R2N-H) are 
calculated using NH3 as a reference. BDE values for important reference molecules are listed in 
Table S1.  

Table S6-1. [Table S1] Experimental and theoretical BDE values for reference molecules.  
(Fluoro)Amine BDE (kcal/mol) BDE (kJ/mol) Methods 
F–NH2 68.5 286.6* Derived from ΔfH0 (NIST database)7  
H–NH2 107.57 ± 0.06 450.08 ± 0.24* Photolysis7,9 
F–NH2  291.7 W1w8 
H–NH2  450.3 W1w8 

*Value used as a reference. 

 

Potential energy surfaces (PESs): Geometry optimizations for all stationary points (minima, 
complexes and TS) along the PES have been performed at (U)B3LYP/6-31G(d) level in the gas 
phase. Energy minima, complexes and TSs were confirmed by vibrational frequency calculation 
with 0, 0, and 1 imaginary frequencies, respectively. All stationary points were checked for 
wavefunction stability (stable=opt). The nature of transition states was further confirmed by IRC 
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calculations [15 steps in both directions (reverse/forward) with stepsize=3] followed by geometry 
optimization to the next minimum. In cases of very flat PES(s), manual displacement away from 
the TS(s) followed by geometry optimization was employed. NBO charges were calculated using 
the NBO6 module.10 All calculations have been performed with Gaussian 09, revision D. 01.11  

6.1.2 Structural Comparison (X-Ray vs QM) 

 

Figure S6-1. [Figure S1] Structural comparison between X-ray crystal structures and the 
corresponding gas phase QM minima obtained at the B3LYP/6-31G(d) level of theory. Distances 
are given in Å. 
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6.1.3 Bond Strengths (F—NR2) 

Scheme S6-1. [Scheme S3] Gas phase (ΔH298) and solution phase (DMF, ΔHsol=ΔH298+ΔGsolv) F—
NR2 BDEs and RSEs calculated at the G3(MP2)-RAD level of theory. ΔGsolv (single point solvation 
energy) have been calculated at the SMD(DMF)/(U)B3LYP/6-31G(d)//(U)B3LYP/6-31G(d,p) 
level of theory. 

 

 

Table S6-2. [Table S4] Gas phase (ΔH298) and solution phase (DMF, ΔHsol=ΔH298+ΔGsolv) F—NR2 
BDEs and RSEs calculated at different levels of theory. Ref. [BDE, NH2―F = 286.6] 

System 
(U)B3LYP/6-31G(d)  (RO)B2PLYP/G3MP2Large  G3(MP2)-RAD 
ΔH298 ΔHsol  ΔH298 ΔHsol  ΔH298 ΔHsol 

RSE BDE RSE BDE  RSE BDE RSE BDE  RSE BDE RSE BDE 
3a -18.5 268.1 -27.3 259.3  -21.8 264.8 -30.6 256.0  -14.7 271.9 -23.6 263.0 
3b -18.4 268.2 -26.4 260.2  -22.9 263.7 -30.8 255.8  -15.2 271.4 -23.0 263.6 
3c -7.8 278.8 -16.6 270.0  -10.0 276.6 -18.6 268.0  -2.8 283.8 -12.0 274.6 
4a -63.8 222.8 -74.4 212.2  -64.2 222.4 -73.7 212.9  -54.8 231.8 -64.3 222.3 
4b -60.4 226.2 -71.5 215.1  -60.1 226.5 -69.9 216.7  -50.8 235.8 -60.5 226.1 
4c -63.6 223.0 -75.2 211.4  -65.1 221.5 -75.7 210.9  -56.0 230.6 -66.6 220.0 
4d -65.3 221.3 -75.8 210.8  -65.7 220.9 -75.0 211.6  -55.8 230.8 -65.0 221.6 
4e -61.7 224.9 -71.7 214.9  -60.9 225.7 -70.1 216.5  -51.5 235.1 -60.8 225.8 
4f -61.0 225.6 -71.2 215.4  -64.5 222.1 -74.8 211.8  -55.8 230.8 -65.5 221.1 
4g -60.3 226.3 -71.3 215.3  -64.6 222.0 -75.2 211.4  -51.5 235.1 -62.2 224.4 
4h -59.9 226.7 -70.2 216.4  -63.4 223.2 -73.6 213.0  -55.1 231.5 -64.8 221.8 
4i -61.0 225.6 -71.4 215.2  -64.6 222.0 -75.0 211.6  -55.9 230.7 -65.7 220.9 
NFSI -25.6 261.0 -36.3 250.3  -29.5 257.1 -36.9 249.7  -24.5 262.1 -27.3 259.3 
Selectfluor® -23.1 263.5 -30.9 255.7  -25.8 260.8 -33.6 253.0  -13.1 273.5 -20.9 265.7 
NFPY 31.2 317.8 22.6 309.2  26.5 313.1 17.9 304.5  30.6 317.2 22.0 308.6 
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6.1.4 Bond Strengths (H—NR2) 

Scheme S6-2. [Scheme S4] Gas phase (ΔH298) H—NR2 BDEs, (in kJ/mol) and RSEs, (in kJ/mol) 
relative to the NH3/•NH2 reference system calculated at the G3(MP2)-RAD level of theory. 

 
aSee Table S6-1. 
 

Table S6-3. [Table S6] RSEs (in kJ/mol) relative to the NH3/•NH2 reference for the systems listed 
in Scheme S4 at different levels of theory. 

System 
(U)B3LYP/6-31G(d)[gas] (RO)B2PLYP/G3MP2Large[gas] G3(MP2)-RAD[gas] 
ΔEtot ΔH298 ΔG298 ΔEtot ΔH298 ΔG298 ΔEtot ΔH298 ΔG298 

H_4a          
Boltzmann Avg. -79.59 -74.64 -82.05 -68.23 -63.30 -70.96 -61.95 -57.12 -64.75 
Best Conf. -79.01 -74.03 -81.01 -67.90 -62.92 -69.99 -61.64 -56.77 -63.88 
          
H_4f           
Boltzmann Avg. -83.53 -78.44 -83.02 -72.02 -67.15 -74.10 -64.49 -59.47 -66.74 
Best Conf. -82.57 -77.39 -82.07 -71.19 -66.30 -73.23 -63.81 -59.02 -65.94 
          
H_NFSI          
Boltzmann Avg. -14.72 -9.06 -15.17 -5.93 -0.26 -5.84 -1.40 4.14 -1.52 
Best Conf. -15.26 -9.60 -15.33 -6.22 -0.56 -6.28 -1.46 4.08 -1.63 

6.1.5 Mechanistic Investigation 

 
Figure S6-2. [Figure S7] Solution phase optimized (DMF,opt) free energy (ΔGsol-opt) surfaces (in 
kJ/mol) for the fluorine atom transfer process between iso-Pr• and NFSI, 4a and 4f calculated at 
the (RO)B2PLYP/G3MP2Large level of theory. Charge/spin is calculated using the NBO6 module 
at the SMD(DMF)/(U)B3LYP/6-31G(d) level of theory. 
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Table S6-4. [Table S12] Solvation phase optimized (DMF,opt) free energies (ΔGsol-opt, in kJ/mol) 
for reactant complexes (RCs), transition states (TSs) and product complexes (PCs) energies relative 
to separate reactants (ref.) for the fluorine atom transfer process from NFSI, 4a and 4f to iso-Pr• 
calculated at different levels of theory.  

System 
(Filename) 

(U)B3LYP/6-31G(d)[DMF,opt]  (RO)B2PLYP/G3MP2Large[DMF,opt]a 
RC TS PC  RC TS PC 

NFSI + iso-Pr● (Ref.)        
nfsi_ipr_ts_25 29.4 44.3 -184.4  29.3 46.1 -185.1 
nfsi_ipr_ts_32 26.8 47.1 -186.2  30.8 53.6 -190.7 
nfsi_ipr_ts_16 27.2 47.2 -184.4  27.4 48.4 -185.1 
nfsi_ipr_ts_30 29.4 47.2 -184.4  29.3 48.4 -185.1 
nfsi_ipr_ts_20 26.7 49.1 -184.7  26.3 50.5 -185.7 
nfsi_ipr_ts_34 28.6 49.3 -183.4  33.5 55.8 -182.1 
nfsi_ipr_ts_15 29.8 50.1 -175.1  32.4 54.9 -178.1 
nfsi_ipr_ts_23 27.0 50.4 -185.4  30.1 57.0 -184.7 
nfsi_ipr_ts_1 29.6 51.8 -174.4  31.5 56.3 -176.4 
Separate Product   -216.8    -221.5 
        
4a + iso-Pr● (Ref.)        
a4_ipr_ts_13 26.4 45.3 -226.9  28.4 51.7 -232.1 
a4_ipr_ts_16 30.1 45.5 -225.9  32.7 51.3 -228.9 
a4_ipr_ts_15 26.0 46.6 -224.4  31.2 52.5 -229.5 
a4_ipr_ts_10 34.3 49.4 -222.1  39.1 54.5 -226.1 
a4_ipr_ts_2 30.2 50.6 -225.0  28.3 52.0 -226.5 
a4_ipr_ts_12 33.2 52.3 -221.8  34.6 56.5 -226.2 
a4_ipr_ts_1 30.7 53.4 -212.8  27.1 54.4 -221.7 
a4_ipr_ts_9 36.4 54.1 -221.1  41.2 59.0 -225.0 
a4_ipr_ts_7 27.9 55.2 -222.9  24.2 56.2 -219.5 
Separate Product   -253.1    -260.8 
        
4f + iso-Pr● (Ref.)        
f4_ipr_ts_6 26.6 53.1 -220.2  27.4 56.7 -226.8 
f4_ipr_ts_9 - 54.7 -224.3  - 57.2 -229.7 
f4_ipr_ts_8 30.9 55.0 -225.2  29.8 57.6 -231.6 
f4_ipr_ts_4 32.2 57.2 -224.5  32.6 58.9 -225.8 
f4_ipr_ts_15 33.8 66.7 -217.7  30.4 64.3 -222.3 
Separate Product   -251.5    -260.6 

aΔGsol-opt=ΔEtot+corr. ΔG+ΔGsolv; corr. ΔG, corr. ΔH, and ΔGsolv were calculated at SMD(DMF)/(U)B3LYP/6-31G(d) 
level. ΔEtot was calculated at (RO)B2PLYP/G3MP2Large// SMD(DMF)/(U)B3LYP/6-31G(d) level 
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Figure S6-3. Solution phase optimized (DMF,opt) free energy (ΔGsol-opt) surfaces (in kJ/mol) for 
the fluorine atom transfer process between iso-Pr• and (A) NFSI, (B) 4a and (C) 4f calculated at 
SMD(DMF)/(U)B3LYP/6-31G(d) level. Faded bars are used to show the conformational space.
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6.1.6 Charge and Spin Analysis (Solution Phase Optimized) 

 
Figure S6-4. [Figure S8] TS analysis for spin and charge distribution and % of bond breaking and formation for fluorine atom transfer. This analysis is 
conducted over implicit solvation optimized geometries at the SMD(DMF)/(U)B3LYP/6-31G(d) level of theory. % Bond elongation is the deviation of 
bond distance in the TS to the avg. bond distances in reactantsa/productsc. % Evolution of bond rrder (%Ev) is the ratio of the Wiberg Index (Bi) of the TS 
to the avg. Bi of reactantsb/productsd. All properties are provided as a range that is calculated over conformational space(see Table S6-5 for more details). 
Distances are given in Å. 
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Table S6-5. [Table S13] Transition state analysis for spin and charge distribution and % of bond breaking and formation calculated at the 
SMD(DMF)/(U)B3LYP/6-31G(d) level of theory. NBO charge/spin is calculated using the NBO6 module. 

 % Bond Elongation (Distance)  % Evolution of Bond Order [Wiberg Index(Bi)]  Charge  Spin 

Molecule 
N-F 

Dis.[Å] 
C-F 

Dis. [Å] 
%N-F = 

(TS-R)/R 
% C-F = 
(TS-P)/P 

 
N-F 
Bi 

C-F 
Bi 

% N-F = 
100-(Bi

TS/Bi
R) 

%C-F = 
100-(Bi

TS/Bi
P) 

 Mulliken NBO  Mulliken NBO 

4a                
a4_ipr_ts_1 1.59 2.28 11.2% 60.8%  0.68 0.16 23.4% 80.0%  -0.17 -0.19  0.23 0.24 
a4_ipr_ts_10 1.57 2.33 9.9% 64.0%  0.71 0.13 19.9% 83.6%  -0.14 -0.15  0.19 0.20 
a4_ipr_ts_12 1.58 2.33 10.1% 64.2%  0.71 0.13 20.2% 83.5%  -0.14 -0.16  0.19 0.20 
a4_ipr_ts_13 1.58 2.32 10.6% 63.3%  0.69 0.14 22.2% 82.8%  -0.14 -0.16  0.20 0.21 
a4_ipr_ts_15 1.58 2.32 10.7% 63.6%  0.69 0.14 22.3% 83.0%  -0.14 -0.16  0.20 0.20 
a4_ipr_ts_16 1.58 2.32 10.7% 63.3%  0.69 0.14 22.4% 82.9%  -0.14 -0.16  0.20 0.21 
a4_ipr_ts_2 1.59 2.28 11.1% 60.9%  0.68 0.16 23.1% 80.5%  -0.16 -0.18  0.22 0.23 
a4_ipr_ts_7 1.59 2.28 11.2% 60.9%  0.68 0.16 23.5% 80.0%  -0.17 -0.19  0.23 0.24 
a4_ipr_ts_9 1.57 2.33 10.0% 63.7%  0.71 0.13 20.0% 83.5%  -0.14 -0.16  0.19 0.20 
4f     
f4_ipr_ts_15 1.60 2.28 11.8% 60.6%  0.67 0.16 24.7% 79.6%  -0.18 -0.19  0.24 0.24 
f4_ipr_ts_4 1.58 2.31 10.3% 63.0%  0.70 0.14 20.6% 82.9%  -0.14 -0.16  0.20 0.20 
f4_ipr_ts_6 1.60 2.32 11.4% 63.0%  0.68 0.14 23.5% 82.2%  -0.15 -0.17  0.21 0.21 
f4_ipr_ts_8 1.60 2.32 11.7% 63.3%  0.67 0.15 24.2% 81.6%  -0.16 -0.17  0.21 0.22 
f4_ipr_ts_9 1.60 2.32 11.7% 63.2%  0.67 0.15 24.2% 81.5%  -0.16 -0.17  0.21 0.22 
NFSI     
nfsi_ipr_ts_1 1.55 2.34 8.9% 64.5%  0.74 0.14 17.6% 82.4%  -0.16 -0.17  0.20 0.21 
nfsi_ipr_ts_15 1.55 2.34 8.7% 64.7%  0.75 0.14 17.3% 82.9%  -0.15 -0.17  0.20 0.20 
nfsi_ipr_ts_16 1.56 2.33 9.6% 64.3%  0.73 0.14 19.2% 82.3%  -0.15 -0.17  0.20 0.21 
nfsi_ipr_ts_20 1.56 2.33 9.6% 63.7%  0.73 0.14 19.4% 81.9%  -0.16 -0.17  0.20 0.21 
nfsi_ipr_ts_23 1.55 2.33 8.8% 64.2%  0.75 0.14 17.2% 82.8%  -0.15 -0.16  0.20 0.20 
nfsi_ipr_ts_25 1.56 2.33 9.6% 63.9%  0.73 0.14 19.3% 82.1%  -0.15 -0.17  0.20 0.21 
nfsi_ipr_ts_30 1.56 2.33 9.6% 64.3%  0.73 0.14 19.2% 82.3%  -0.15 -0.17  0.20 0.21 
nfsi_ipr_ts_32 1.55 2.33 8.8% 64.1%  0.75 0.14 17.2% 82.7%  -0.15 -0.17  0.20 0.20 
nfsi_ipr_ts_34 1.55 2.33 8.9% 64.2%  0.75 0.14 17.3% 82.7%  -0.15 -0.17  0.20 0.20 
Reactant (R)                Product (P) 
N-F Bond: Dis.[Å] Bi

R  N-F Bond:  Dis.[Å] Bi
R  N-F Bond: Dis.[Å] Bi

R     C-F Bond: Dis.[Å] Bi
P 

4aAvg 1.43 0.89  4fAvg  1.43 0.88  NFSIAvg 1.42 0.90      iso-Pr 1.42 0.80 
a4_1 1.43 0.88  f4_1  1.43 0.88  nfsi_1 1.42 0.91         
a4_10 1.43 0.89  f4_10  1.43 0.88  nfsi_10 1.42 0.91         
a4_4 1.43 0.88  f4_11  1.44 0.88  nfsi_11 1.43 0.90         
a4_5 1.43 0.89  f4_3  1.43 0.89  nfsi_3 1.42 0.90         
         nfsi_4 1.42 0.90         
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7.1 Supporting Information  

For: Quantification and Theoretical Analysis of the Electrophilicities of Michael Acceptors 
 

7.1.1 Methodology 

Methyl anion affinities (MAA) in the gas phase have been calculated using the same methodology 
employed successfully in earlier studies1 as the gas phase free energy at 298.15 K ( G298) of the 
addition reaction shown in equation (S1). 

 

(S1) 

Geometry optimizations have been performed with a combination of the B3LYP hybrid functional2 

and the 6-31G(d,p) basis set.3 Thermochemical corrections to Gibbs energies (Corr. G) at 298.15 
K have been calculated using the rigid rotor/harmonic oscillator model without any scaling. Single 
point calculations have subsequently been calculated using a combination of the B3LYP hybrid 
functional and the larger 6-311++G(3df,2pd) basis set.3-4 Final Gibbs energies ( G298) have been 
obtained through a combination of these single point energies (Etot) with the thermochemical 
corrections to Gibbs energies (Corr. G) calculated at lower level. In the following these will be 
designated as Ggas(
Solvent effects on MAA values have first been estimated by adding single point solvation 
corrections ( GSolv) to Ggas values for eq. (S1). GSolv was calculated for the gas phase optimized 
geometries using the SMD5 continuum solvation model and subsequently added to the gas phase 
Gibbs energies ( Ggas) to obtain solution phase Gibbs energies that will be mentioned as single 
point solvation free energies ( Gsol-sp). In another approach geometry optimization is carried out 
under implicit DMSO (SMD) conditions at B3LYP/6-31G(d,p) level. The Gibbs energies calculated 
using the implicit DMSO optimized geometry will be designated as Gsol-opt. 
Electrophilicity indices like the electronic chemical potential ( ), chemical hardness ( ) and global 
electrophilicity index ( ) were calculated from orbital energies using equations (S2), (S3), and 
(S4).6 

 = ½ ( HOMO + LUMO) (S2) 

 = ( LUMO  HOMO) (S3) 

 = 2/2  (S4) 

) centers for electrophiles (see eq. S1) were 
calculated using the nucleophilic Fukui function (f +) as defined in equation (S5).  

 = ·f + (S5) 

In this work, we calculated the nucleophilic Fukui function (f 
+) using two different approaches. 

First, the condensed nucleophilic Fukui function (f +) for atom  was calculated using a procedure 
described by Contreras and co-workers.7 The nucleophilic Fukui function (f +) was calculated from 
the Gaussian 09 output files by the Fukui function program available at 
https://github.com/dmsteglenko/Fukui-function-calculation. 
In a second approach we used the Yang and Mortier method8 where the Fukui function for 
nucleophilic attack is defined as the change of partial charge q  at a certain atom  by adding an 
electron to the corresponding molecule, that is: 

f + = q (N+1)  q (N) (S6) 
with N = total number of electrons in the neutral molecule. We calculated f + as defined in equation 
(S6) using both Mulliken and NBO charges. 
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Potential energy surface (PES): Geometry optimizations for all stationary points (minima, 
complexes and TSs) along the PES have been performed at 

 The nature 
of transition states was further confirmed by IRC calculations [30 steps in both directions 
(reverse/forward) with stepsize=3] followed by geometry optimization to the next minimum. In 
cases of very flat PES(s), manual displacement away from the TS(s) followed by geometry 
optimization was employed. PES surfaces were re-evaluated at B3LYP/6-311++G(3df,2pd) and 
B2PLYP/cc-pVTZ levels in combination with implicit DMSO solvation (SMD).  
All calculations were performed with Gaussian 09, Rev. D.9 

7.1.2 Calculation of HOMO and LUMO Energies and Global and Local Electrophilicity 
Indices for Michael acceptors 

Table S7-1. [Table S1] Electrophilicity indices calculated at B3LYP/6-31G(d,p) level for Michael 
acceptors. 

SI Marker E 
HOMO  

EH 

(Hartree) 

LUMO  
EL 

(Hartree) 

 
 

(EH+EL)/2 
 

 
 

(EL-EH) 
 

 
= 

2/2  
(eV) 

f + f + 
= 

 f +
 

(eV) 

 

 f +
 

(eV) 

1 1a -18.84 -0.27299 -0.04454 -0.15877 0.22845 1.50 0.41 0.20 0.62 0.30 
2 1b -19.07 -0.27018 -0.04291 -0.15655 0.22727 1.47 0.41 0.20 0.61 0.29 
3 1c -20.22 -0.26291 -0.04079 -0.15185 0.22212 1.41 0.41 0.20 0.58 0.28 
4 1d -23.54 -0.23432 -0.03058 -0.13245 0.20374 1.17 0.42 0.22 0.49 0.26 
5 1e -18.36 -0.27133 -0.05219 -0.16176 0.21914 1.62 0.23 0.13 0.37 0.21 
6 1f -19.05 -0.28955 -0.05700 -0.17328 0.23255 1.76 0.46 0.27 0.82 0.47 
7 1g -16.76 -0.24738 -0.05476 -0.15107 0.19262 1.61 0.37 0.15 0.60 0.23 
8 1h -15.25 -0.24946 -0.07147 -0.16047 0.17799 1.97 0.22 0.06 0.44 0.12 
9 1i -22.77 -0.26630 -0.03698 -0.15164 0.22932 1.36 0.38 0.18 0.52 0.25 
10 1j -12.09 -0.32333 -0.06439 -0.19386 0.25894 1.97 0.50 0.30 0.98 0.59 
            
11 2a -23.59 -0.26444 -0.03391 -0.14918 0.23053 1.31 0.39 0.17 0.51 0.23 
12 2b -24.52 -0.23332 -0.06275 -0.14804 0.17057 1.75 0.22 0.19 0.39 0.32 
13 2c -24.69 -0.23960 -0.06449 -0.15205 0.17511 1.80 0.20 0.20 0.36 0.36 
14 2d -24.60 -0.24292 -0.07488 -0.15890 0.16804 2.04 0.23 0.21 0.47 0.44 
15 2e -23.01 -0.23367 -0.06919 -0.15143 0.16448 1.90 0.23 0.16 0.43 0.30 
16 2f -19.39 -0.23235 -0.07737 -0.15486 0.15498 2.11 0.20 0.10 0.42 0.21 
17 2g -16.63 -0.26113 -0.08298 -0.17206 0.17815 2.26 0.25 0.22 0.56 0.50 
18 2h -13.85 -0.25556 -0.09700 -0.17628 0.15856 2.67 0.22 0.10 0.59 0.26 
            
19 17a -19.49 -0.26528 -0.05705 -0.16117 0.20823 1.70 0.35 0.21 0.60 0.36 
20 17b -17.79 -0.27664 -0.07861 -0.17763 0.19803 2.17 0.25 0.25 0.55 0.55 
21 17c -15.71 -0.30733 -0.11295 -0.21014 0.19438 3.09 0.30 0.30 0.92 0.92 
22 17d -14.07 -0.27143 -0.09656 -0.18400 0.17487 2.63 0.22 0.22 0.59 0.59 
23 17e -11.31 -0.29924 -0.11734 -0.20829 0.18190 3.25 0.24 0.24 0.77 0.77 
24 17f -7.50 -0.26834 -0.07201 -0.17018 0.19633 2.01 0.40 0.20 0.81 0.40 
25 17g -20.55 -0.23512 -0.06617 -0.15065 0.16895 1.83 0.25 0.17 0.46 0.30 
26 17h -19.36 -0.25831 -0.10948 -0.18390 0.14883 3.09 0.08 0.11 0.24 0.35 
27 17i -17.33 -0.25656 -0.11015 -0.18336 0.14641 3.12 0.09 0.11 0.28 0.33 
28 17j -13.30 -0.21263 -0.08495 -0.14879 0.12768 2.36 0.30 0.14 0.70 0.33 
29 17k -12.93 -0.25143 -0.08056 -0.16600 0.17087 2.19 0.28 0.19 0.62 0.42 
30 17l -12.76 -0.20434 -0.07478 -0.13956 0.12956 2.05 0.31 0.10 0.63 0.21 
31 17m -11.32 -0.22045 -0.08670 -0.15358 0.13375 2.40 0.27 0.07 0.65 0.17 
32 17n -10.80 -0.23815 -0.09709 -0.16762 0.14106 2.71 0.30 0.15 0.81 0.41 
33 17o -10.28 -0.22917 -0.08527 -0.15722 0.14390 2.34 0.31 0.11 0.73 0.27 
34 17p -10.11 -0.23995 -0.09406 -0.16701 0.14589 2.60 0.27 0.08 0.70 0.21 
35 17q -9.42 -0.25994 -0.10707 -0.18351 0.15287 3.00 0.29 0.16 0.88 0.48 
36 17r -9.15 -0.25084 -0.09360 -0.17222 0.15724 2.57 0.31 0.13 0.78 0.33 
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37 17s -17.90 -0.18246 -0.07722 -0.12984 0.10524 2.18 0.25 0.05 0.54 0.11 
38 17t -17.29 -0.18808 -0.07918 -0.13363 0.10890 2.23 0.25 0.05 0.55 0.11 
39 17u -16.36 -0.18661 -0.07661 -0.13161 0.11000 2.14 0.25 0.05 0.53 0.12 
40 17v -16.11 -0.20491 -0.08668 -0.14580 0.11823 2.45 0.25 0.06 0.61 0.14 
41 17w -15.83 -0.21214 -0.08977 -0.15096 0.12237 2.53 0.24 0.06 0.62 0.15 
42 17x -13.39 -0.18767 -0.08470 -0.13619 0.10297 2.45 0.25 0.05 0.62 0.11 
43 17y -12.18 -0.20226 -0.09208 -0.14717 0.11018 2.67 0.25 0.05 0.68 0.14 
44 17z -11.87 -0.21015 -0.09719 -0.15367 0.11296 2.84 0.25 0.06 0.70 0.16 

 
Table S7-2. [Table S2] Local electrophilicity indices calculated at B3LYP/6-31G(d,p) level using 
both Mulliken and NBO charges (Yang and Mortier method) for Michael acceptors. 

SI Marker  
Mulliken Charge ( ) NBO Charge ( ) 

q (N) q  (N+1) f +  f + q (N) q (N+1) f +  f + 
1 1a 1.50 -0.201 -0.322 0.12 0.18 -0.349 -0.624 0.28 0.41 
2 1b 1.47 -0.201 -0.322 0.12 0.18 -0.350 -0.624 0.27 0.40 
3 1c 1.41 -0.203 -0.321 0.12 0.17 -0.353 -0.619 0.27 0.38 
4 1d 1.17 -0.207 -0.327 0.12 0.14 -0.351 -0.617 0.27 0.31 
5 1e 1.62 -0.201 -0.279 0.08 0.13 -0.377 -0.542 0.16 0.27 
6 1f 1.76 -0.191 -0.321 0.13 0.23 -0.347 -0.652 0.30 0.53 
7 1g 1.61 -0.200 -0.321 0.12 0.19 -0.339 -0.607 0.27 0.43 
8 1h 1.97 -0.204 -0.284 0.08 0.16 -0.335 -0.518 0.18 0.36 
9 1i 1.36 -0.254 -0.383 0.13 0.18 -0.372 -0.633 0.26 0.36 
10 1j 1.97 -0.190 -0.330 0.14 0.28 -0.355 -0.663 0.31 0.61 
           
11 2a 1.31 -0.023 -0.118 0.09 0.12 -0.130 -0.377 0.25 0.32 
12 2b 1.75 -0.080 -0.141 0.06 0.11 -0.153 -0.273 0.12 0.21 
13 2c 1.80 -0.077 -0.127 0.05 0.09 -0.182 -0.284 0.10 0.18 
14 2d 2.04 -0.075 -0.135 0.06 0.12 -0.148 -0.271 0.12 0.25 
15 2e 1.90 -0.083 -0.152 0.07 0.13 -0.144 -0.277 0.13 0.25 
16 2f 2.11 -0.088 -0.152 0.06 0.14 -0.140 -0.273 0.13 0.28 
17 2g 2.26 -0.070 -0.134 0.06 0.14 -0.157 -0.290 0.13 0.30 
18 2h 2.67 -0.096 -0.166 0.07 0.19 -0.172 -0.322 0.15 0.40 
           
19 17a 1.70 -0.099 -0.206 0.11 0.18 -0.233 -0.444 0.21 0.36 
20 17b 2.17 -0.108 -0.176 0.07 0.15 -0.269 -0.419 0.15 0.32 
21 17c 3.09 -0.051 -0.169 0.12 0.36 -0.269 -0.469 0.20 0.62 
22 17d 2.63 -0.109 -0.184 0.08 0.20 -0.268 -0.419 0.15 0.40 
23 17e 3.25 -0.109 -0.192 0.08 0.27 -0.283 -0.448 0.16 0.54 
24 17f 2.01 -0.180 -0.280 0.10 0.20 -0.336 -0.531 0.19 0.39 
25 17g 1.83 -0.114 -0.192 0.08 0.14 -0.123 -0.262 0.14 0.26 
26 17h 3.09 -0.083 -0.117 0.03 0.10 -0.158 -0.205 0.05 0.14 
27 17i 3.12 -0.090 -0.126 0.04 0.11 -0.156 -0.216 0.06 0.19 
28 17j 2.36 -0.083 -0.157 0.07 0.18 -0.089 -0.247 0.16 0.37 
29 17k 2.19 -0.071 -0.151 0.08 0.18 -0.152 -0.301 0.15 0.33 
30 17l 2.05 -0.144 -0.238 0.09 0.19 -0.073 -0.239 0.17 0.34 
31 17m 2.40 -0.147 -0.232 0.08 0.20 -0.083 -0.238 0.15 0.37 
32 17n 2.71 -0.078 -0.155 0.08 0.21 -0.086 -0.246 0.16 0.43 
33 17o 2.34 -0.138 -0.235 0.10 0.23 -0.071 -0.240 0.17 0.39 
34 17p 2.60 -0.146 -0.231 0.08 0.22 -0.083 -0.236 0.15 0.40 
35 17q 3.00 -0.076 -0.153 0.08 0.23 -0.085 -0.241 0.16 0.47 
36 17r 2.57 -0.135 -0.230 0.10 0.25 -0.071 -0.236 0.17 0.42 
37 17s 2.18 -0.215 -0.280 0.06 0.14 -0.126 -0.265 0.14 0.30 
38 17t 2.23 -0.214 -0.280 0.07 0.15 -0.128 -0.268 0.14 0.31 
39 17u 2.14 -0.212 -0.281 0.07 0.15 -0.135 -0.279 0.14 0.31 
40 17v 2.45 -0.215 -0.281 0.07 0.16 -0.131 -0.273 0.14 0.35 
41 17w 2.53 -0.215 -0.281 0.07 0.17 -0.133 -0.271 0.14 0.35 
42 17x 2.45 -0.209 -0.272 0.06 0.15 -0.124 -0.257 0.13 0.33 
43 17y 2.67 -0.209 -0.273 0.06 0.17 -0.127 -0.262 0.14 0.36 
44 17z 2.84 -0.212 -0.275 0.06 0.18 -0.131 -0.263 0.13 0.38 
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Table S7-3. [Table S3] Molecular orbital energies calculated at B3LYP/6-311++G(3df,2pd) 
//B3LYP/6-31G(d,p) level in the gas phase for Michael acceptors. 

Marker HOMO   

(Hartree) 

LUMO  
(Hartree) 

 Marker HOMO   

(Hartree) 
LUMO  

(Hartree) 
 Marker HOMO   

(Hartree) 
LUMO  

(Hartree) 
1a -0.28933 -0.06356  17a -0.28086 -0.07339  17t -0.19919 -0.08981 
1b -0.28598 -0.06165  17b -0.29204 -0.09441  17u -0.21654 -0.09825 
1c -0.27728 -0.05851  17c -0.31949 -0.12747  17v -0.22338 -0.10112 
1d -0.24864 -0.05062  17d -0.28756 -0.11137  17w -0.19975 -0.09764 
1e -0.28292 -0.07079  17e -0.31481 -0.13136  17x -0.21400 -0.10481 
1f -0.30230 -0.07531  17f -0.27945 -0.08890  17y -0.22305 -0.11028 
1g -0.26369 -0.07531  17g -0.24793 -0.08119  17z -0.19919 -0.08981 
1h -0.26372 -0.08911  17h -0.27201 -0.12598     
1i -0.27802 -0.05557  17i -0.26854 -0.12625     
1j -0.33587 -0.08172  17j -0.22481 -0.09848     
    17k -0.26234 -0.09516     
2a -0.27640 -0.05063  17l -0.21684 -0.08897     
2b -0.24571 -0.07891  17m -0.23350 -0.10232     
2c -0.25062 -0.08016  17n -0.25059 -0.11065     
2d -0.25529 -0.09075  17o -0.24198 -0.09951     
2e -0.24641 -0.08606  17p -0.25271 -0.10996     
2f -0.24467 -0.09358  17q -0.27214 -0.12089     
2g -0.27262 -0.09797  17r -0.26341 -0.10820     
2h -0.26796 -0.11385  17s -0.19324 -0.08840     

 

7.1.2.1 Correlations of electrophilicity E with HOMO and LUMO energies 

 
Gas phase optimized geometries: 
 

 
Figure S7-1. [Figure  S4] Correlation between the empirical electrophilicity E and the gas phase 
highest occupied molecular orbital energies (HOMOE, Hartree) calculated at B3LYP/6-31G(d,p) 
level for Michael acceptors. 
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Figure S7-2. [Figure  S10] Correlation between the empirical electrophilicity E and gas phase 
lowest unoccupied molecular orbital energies (LUMOE, Hartree) calculated at B3LYP/6-
311++G(3df,2pd)//B3LYP/6-31G(d,p) level for Michael acceptors. 

 
Implicit solvation (DMSO) optimized geometries: 

 
Figure S7-3. [Figure  S3] Correlation between the empirical electrophilicity E and implicit 
solvation (DMSO) optimized lowest unoccupied molecular orbital energies (LUMOE, Hartree) 
calculated at B3LYP/6-31G(d,p) level for Michael acceptors. 
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7.1.2.2 Correlations of electrophilicity E with electrophilicity indices 

 
Figure S7-4. [Figure S8] Correlation between the empirical electrophilicity E and gas phase local 

) calculated at B3LYP/6-31G(d,p) level for Michael acceptors. The Fukui 
function for nucleophilic attack (f +) has been calculated using Mulliken charges (Yang and Mortier 
method). 

 
Figure S7-5. [Figure S9] Correlation between the empirical electrophilicity E and gas phase local 

) calculated at B3LYP/6-31G(d,p) level for Michael acceptors. The Fukui 
function for nucleophilic attack (f +) has been calculated using NBO charges (Yang and Mortier 
method). 
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7.1.3 Correlations of the Empirical Electrophilicity E and the Methyl Anion Affinity (MAA) 

Table S7-4. [Table S4] Methyl anion affinities (MAAs, in terms of G, kJ/mol) calculated at 
different levels of theory for Michael acceptors. 

Marker 

Gas Phase  
Optimized 

 
Single Point Implicit  
Solvation Corrected 

 
Implicit Solvation 

 Optimized 
Ggas)a  Gsol-sp)b  Gsol-opt)c 

B3LYP  B3LYP  B3LYP 
6-31G 
(d,p)d 

6-311++G 
(3df,2pd)d 

 
6-31G 
(d,p)d 

6-311++G 
(3df,2pd)d 

 
6-31G 
(d,p)e 

6-311++G 
(3df,2pd)e 

1a -287.3 -205.5  -162.5 -80.7  -163.7 -80.2 
1b -287.8 -203.4  -159.7 -75.1  -167.6 -79.4 
1c -293.4 -205.7  -159.2 -71.6  -158.0 -66.2 
1d -266.1 -187.1  -138.6 -59.6  -138.7 -55.3 
1e -333.2 -246.0  -184.0 -96.8  -184.5 -91.6 
1f -279.4 -205.1  -183.8 -109.4  -185.4 -106.3 
1g -293.3 -222.8  -176.4 -104.2  -179.9 -102.4 
1h -331.4 -251.9  -196.2 -116.7  -197.9 -113.6 
1i -280.0 -189.9  -142.0 -51.9  -144.5 -50.3 
1j -387.4 -295.9  -251.1 -160.5  -251.1 -156.5 
         
2a -271.7 -187.1  -134.4 -49.8  -133.5 -45.2 
2b -274.7 -186.9  -123.7 -36.1  -131.4 -43.7 
2c -311.5 -219.7  -141.4 -51.8  -144.7 -50.6 
2d -270.9 -190.0  -145.2 -66.1  -151.4 -68.7 
2e -285.5 -207.7  -139.3 -60.4  -141.6 -59.4 
2f -316.6 -231.4  -157.2 -74.8  -160.7 -76.9 
2g -363.9 -268.2  -207.9 -113.3  -214.4 -121.0 
2h -342.1 -264.6  -199.6 -123.8  -202.2 -122.9 
         
17a -334.9 -246.9  -181.7 -93.1  -187.1 -95.4 
17b -309.3 -223.1  -160.4 -74.2  -164.4 -75.7 
17c -343.1 -264.1  -211.5 -132.4  -214.1 -130.0 
17d -341.7 -260.8  -194.7 -113.9  -196.5 -111.2 
17e -382.2 -301.9  -230.0 -149.8  -230.6 -145.7 
17f -454.1 -355.3  -273.6 -174.8  -268.3 -165.2 
17g -382.9 -284.5  -204.8 -104.8  -205.3 -98.9 
17h -349.8 -266.3  -159.8 -75.2  -160.9 -73.3 
17i -370.4 -281.9  -175.2 -86.8  -180.0 -88.1 
17j -379.9 -290.2  -231.0 -141.3  -232.3 -138.9 
17k -440.2 -344.3  -251.7 -155.9  -255.7 -155.7 
17l -402.7 -311.2  -226.8 -135.3  -231.1 -135.2 
17m -404.7 -318.9  -232.8 -147.1  -233.0 -142.6 
17n -400.8 -311.1  -251.5 -161.9  -255.8 -162.2 
17o -422.0 -330.7  -245.9 -154.4  -247.2 -151.1 
17p -416.3 -331.9  -245.1 -160.7  -245.1 -156.0 
17q -413.7 -325.4  -265.7 -177.4  -270.9 -178.5 
17r -434.8 -344.7  -259.7 -169.6  -261.6 -166.1 
17s -397.3 -295.6  -221.9 -120.4  -222.3 -116.5 
17t -398.5 -297.7  -224.0 -123.2  -224.3 -119.3 
17u -374.1 -284.6  -220.4 -130.7  -217.8 -123.9 
17v -413.2 -312.1  -238.2 -137.4  -241.9 -137.5 
17w -415.9 -314.8  -242.4 -141.3  -241.9 -136.5 
17x -427.9 -329.6  -245.6 -147.3  -249.8 -146.9 
17y -442.8 -344.2  -261.5 -163.6  -262.0 -159.4 
17z -451.9 -354.2  -272.0 -174.6  -272.1 -170.0 

a Ggas) G298 values of gas phase optimized geometries. b Gsol-sp Ggas 
+ GSol [single point implicit solvation correction for gas phase geometry (smd, sovent=dmso)]. c Gsol-opt) 

G298 values for implicit DMSO optimized geometries (SMD). d Using gas phase optimized B3LYP/6-
31G(d,p) geometries. e Using solution phase optimized [smd,solvent=dmso,B3LYP/6-31G(d,p)] geometries. 
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Table S7-5. [Table  S5] Methyl anion affinities (MAAs, in terms of E H, kJ/mol) calculated 
at different levels of theory for Michael acceptors. 

Marker 

Gas Phase Optimized 
B3LYP 

Implicit Solvation Optimized 
B3LYP 

6-31G (d,p) 6-311++G(3df,2pd)e 6-31G (d,p) 6-311++G (3df,2pd)f  
Egas

a Hgas
b  Egas

a Hgas
b  Esol-opt

 c Hsol-opt
d Esol-opt

 c Hsol-opt
d 

1a -349.2 -267.4 -332.5 -250.7 -225.9 -142.5 -210.5 -127.1 
1b -353.5 -269.1 -336.0 -251.6 -225.2 -137.1 -209.0 -120.5 
1c -357.1 -269.5 -340.1 -252.5 -223.2 -131.4 -207.1 -115.3 
1d -334.0 -255.0 -318.0 -239.0 -206.0 -122.6 -191.1 -107.7 
1e -399.6 -312.3 -380.6 -293.3 -251.0 -158.2 -233.0 -140.2 
1f -344.1 -269.7 -325.6 -251.2 -248.0 -168.9 -230.5 -151.4 
1g -362.0 -290.4 -342.9 -271.7 -243.4 -165.9 -226.1 -148.6 
1h -398.6 -319.1 -378.0 -298.6 -262.5 -178.2 -245.4 -161.1 
1i -345.6 -255.5 -328.6 -238.5 -207.2 -113.3 -188.3 -94.5 
1j -457.8 -365.2 -436.7 -344.1 -320.1 -224.1 -300.3 -204.8 
         
2a -337.8 -253.2 -321.2 -236.6 -200.8 -112.6 -184.7 -96.6 
2b -344.2 -254.7 -327.3 -238.1 -191.4 -103.1 -176.3 -88.4 
2c -377.6 -285.8 -359.9 -268.1 -211.9 -117.9 -195.5 -101.5 
2d -336.9 -256.3 -320.1 -238.9 -212.1 -129.3 -196.2 -113.4 
2e -357.8 -280.0 -339.7 -261.9 -210.7 -127.2 -191.0 -108.7 
2f -388.0 -302.9 -368.2 -283.2 -227.8 -142.0 -209.9 -124.7 
2g -437.1 -341.5 -417.4 -321.7 -279.4 -186.1 -262.2 -168.7 
2h -414.6 -332.4 -395.4 -313.6 -266.7 -186.2 -249.1 -169.6 
         
17a -404.4 -314.9 -386.3 -297.0 -250.4 -160.2 -234.3 -144.3 
17b -377.1 -290.2 -359.6 -273.0 -228.7 -141.6 -212.6 -125.4 
17c -409.8 -330.8 -390.7 -311.7 -278.5 -194.4 -261.3 -177.3 
17d -412.4 -331.5 -393.8 -313.0 -264.7 -179.5 -248.1 -162.8 
17e -450.3 -370.0 -430.7 -350.5 -297.2 -212.2 -279.4 -194.5 
17f -525.1 -426.3 -502.7 -403.9 -338.7 -235.6 -317.7 -214.6 
17g -454.6 -354.2 -435.0 -335.5 -274.9 -170.7 -257.9 -153.2 
17h -423.4 -339.9 -404.4 -320.9 -232.4 -143.5 -214.7 -127.0 
17i -443.4 -354.9 -422.7 -334.3 -247.1 -154.7 -231.6 -139.2 
17j -449.8 -360.1 -430.4 -339.8 -301.4 -208.0 -283.1 -189.6 
17k -513.4 -417.6 -492.7 -396.9 -321.3 -221.2 -302.0 -201.9 
17l -473.9 -382.3 -454.7 -363.0 -297.4 -201.1 -280.8 -184.5 
17m -473.8 -388.0 -454.0 -368.2 -301.2 -210.9 -280.4 -190.1 
17n -469.3 -379.6 -448.4 -358.7 -320.6 -227.1 -303.8 -210.2 
17o -492.3 -400.7 -472.2 -380.7 -315.4 -219.1 -298.0 -201.7 
17p -486.0 -401.7 -466.0 -381.7 -313.9 -224.9 -295.6 -206.6 
17q -482.8 -394.4 -461.7 -373.4 -335.3 -242.9 -316.2 -223.8 
17r -506.1 -415.9 -485.7 -395.5 -330.1 -234.7 -312.3 -216.8 
17s -465.6 -364.0 -448.7 -347.1 -289.8 -184.0 -273.8 -168.1 
17t -467.2 -366.4 -450.3 -349.5 -293.5 -188.8 -277.5 -172.8 
17u -439.6 -350.1 -422.0 -332.5 -286.2 -192.2 -269.1 -175.2 
17v -480.9 -379.8 -463.6 -362.5 -306.3 -201.3 -290.4 -185.7 
17w -483.9 -382.8 -466.4 -365.3 -310.9 -205.5 -294.1 -188.7 
17x -497.2 -398.9 -478.9 -380.5 -315.2 -212.6 -298.4 -195.8 
17y -511.3 -412.7 -492.2 -393.6 -329.5 -227.1 -311.8 -209.3 
17z -518.4 -420.6 -499.3 -401.5 -338.5 -236.9 -320.5 -218.8 

a Egas Etot values of gas phase optimized geometries. b Hgas H298 

values of gas phase optimized geometries. c Esol-opt tot values for implicit DMSO optimized 
geometries (SMD). d Hsol-opt H298 values for an implicit DMSO optimized geometries (SMD). 
e Using gas phase optimized B3LYP/6-31G(d,p) geometries. | fUsing solution phase optimized [smd,solvent=dmso, 
B3LYP/6-31G(d,p)] geometries. 
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7.1.3.1 Empirical electrophilicity (E) vs gas phase MAA 

 

 

Figure S7-6. [Figure  S12] Correlation between the empirical electrophilicity E and gas phase MAA 
values ( Ggas, kJ/mol) calculated at B3LYP/6-31G(d,p) level for Michael acceptors. 

 
 
 

 
Figure S7-7. [Figure  S14] Correlation between the empirical electrophilicity E and gas phase MAA 
values ( Egas, kJ/mol) calculated at B3LYP/6-311++G(3df,2pd)//B3LYP/6-31G(d,p) level for 
Michael acceptors. 
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Figure S7-8. [Figure  S15] Correlation between the empirical electrophilicity E and gas phase MAA 
values ( Hgas, kJ/mol) calculated at B3LYP/6-311++G(3df,2pd)//B3LYP/6-31G(d,p) level for 
Michael acceptors. 

 

7.1.3.2 Empirical electrophilicity (E) vs single point implicit-solvation (DMSO) corrected 
MAA  

 
Figure S7-9. [Figure S16] Correlation between the empirical electrophilicity E and MAA values 
[ Gsol-sp ( Ggas+ GSolv), kJ/mol] calculated at B3LYP/6-31G(d,p) level for Michael acceptors. 

GSolv has been calculated for DMSO using the SMD solvation model. 
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7.1.3.3 Empirical electrophilicity (E) vs implicit-solvation (DMSO) optimized MAA 

 
Figure S7-10. [Figure S19] Correlation between the empirical electrophilicity E and MAA values 
( Gsol-opt, kJ/mol) calculated at B3LYP/6-311++G(3df,2pd) level using B3LYP/6-31G(d,p) 
optimized geometries under implicit DMSO (SMD) solvation for Michael acceptors. 

7.1.4 Mechanistic Investigation 

 
Figure S7-11. [Figure S29] Gibbs free energy surface for the reaction of methyl vinyl ketone (1g) 
with pyridinium ylide 3c calculated at B2PLYP/cc-pVTZ/SMD(DMSO)//B3LYP/6-
31G(d,p)/SMD(DMSO) level of theory. Distances (Å), angles (degrees) and charges 
charges over all atomic centers of the two reactants). 
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Table S7-6. Transition state (TS), reactant complex (RC) and product (P) energies ( Gsol-opt, 
kJ/mol) for the reaction of Michael acceptors (1g, 1d, 2e, and 1f) with pyridinium ylide 3c 
calculated at different levels of theory. 

             

  
B3LYP/6-31G(d,p) 

/SMD(DMSO) 
 

B3LYP/6-311++G(3df,2pd) 
/SMD(DMSO) 

//B3LYP/6-31G(d,p) 
/SMD(DMSO) 

 

B2PLYP/cc-pVTZ 
/SMD(DMSO) 

//B3LYP/6-31G(d,p) 
/SMD(DMSO) 

Path  RC TS P  RC TS P  RC TS P 
1g 
+ 
3c 

        
 

   

concerted             
TS_Con  27.7 79.1 -9.5  32.3 86.3 16.7  23.6 67.3 -21.0 
TS_Con  27.1 84.0 -5.6  31.6 90.0 14.9  22.9 73.7 -18.1 
stepwise             
TS_Step  27.6 72.3 46.2  32.0 81.0 55.5  24.4 63.3 29.6 
TS_Step  25.3 75.3 53.5  29.7 82.8 58.2  21.0 64.0 35.3 
TS_Step  25.5 77.8 56.3  30.6 87.1 65.1  21.3 68.4 40.2 
TS_Step  31.6 82.1 65.7  33.7 86.4 68.4  25.3 70.0 49.0 
TS_Step  23.3 79.3 67.5  24.3 83.4 68.3  18.1 68.8 52.2 
TS_Step  26.4 85.4 53.2  34.0 95.8 59.0  27.5 82.5 35.0 
TS_Step  26.3 87.8 62.1  35.8 97.5 66.8  25.6 81.4 43.2 
TS_Step  25.0 92.7 74.6  25.3 92.7 65.6  20.7 84.5 52.6 
5n-ring             
TS_R5  46.2 51.3 -3.1  55.4 66.2 20.0  29.6 37.4 -15.6 
TS_R5  53.5 57.9 3.1  58.2 67.2 28.0  35.3 41.4 -9.6 
TS_R5  56.3 56.3 -12.5  65.1 67.7 11.4  40.2 41.8 -23.1 
TS_R5  65.8 69.8 9.5  68.4 74.8 32.0  49.1 53.3 -4.7 
TS_R5  67.1 72.6 4.4  67.0 75.0 24.6  51.2 57.6 -10.0 
3n-ring             
TS_R3  74.6 110.0 -65.3  65.6 115.3 -50.6  52.6 98.5 -69.3 
             
1d 
+ 
3c 

            

concerted             
TS_Con  25.4 89.8 -7.3  34.5 105.9 18.3  25.4 82.8 -19.6 
TS_Con  27.6 96.6 -14.4  32.9 112.0 12.7  22.3 88.4 -24.1 
TS_Con  33.3 116.8 -15.1  44.9 130.6 10.5  31.7 107.7 -25.4 
TS_Con  35.9 119.4 5.1  37.3 130.6 31.5  30.5 106.5 -8.4 
stepwise             
TS_Step  27.7 94.7 85.6  40.2 103.3 96.1  29.7 89.6 70.6 
TS_Step  24.2 100.3 84.1  35.7 115.6 95.6  25.8 98.4 69.3 
TS_Step  23.5 100.8 85.6  35.3 110.6 96.1  24.9 96.2 70.6 
TS_Step  25.0 108.5 96.9  37.8 122.8 108.1  23.9 102.7 80.7 
TS_Step  30.0 113.9 107.6  41.6 126.4 116.9  31.2 105.9 93.1 
5n-ring             
TS_R5  107.5 113.0 -4.6  116.9 124.4 21.0  93.1 98.8 -16.7 
3n-ring             
TS_R3  84.1 114.9 -75.8  95.6 132.5 -54.1  69.3 107.1 -76.2 
TS_R3  85.6 118.3 -75.1  96.1 134.9 -50.2  70.6 110.4 -74.1 
TS_R3  97.4 124.8 -71.6  100.8 139.0 -49.9  78.7 115.9 -71.9 
             
2e 
+ 
3c 

            

concerted             
TS_Con  29.1 115.6 49.0  30.7 119.6 69.6  19.3 90.8 24.7 



Quantification and Theoretical Analysis of the Electrophilicities of Michael Acceptors 

 

163   
 

TS_Con  31.3 119.9 51.4  32.9 124.4 71.6  20.6 95.3 26.3 
TS_Con  31.2 120.9 36.7  35.1 125.7 55.1  22.2 97.0 13.7 
stepwise             
TS_Step  29.9 100.9 88.7  35.7 113.0 101.2  23.7 80.5 61.9 
TS_Step  30.6 106.6 91.7  36.6 115.2 97.6  24.4 83.6 63.3 
TS_Step  26.4 107.6 100.3  31.0 116.8 109.4  19.4 86.4 74.1 
TS_Step  31.8 109.9 95.1  37.6 117.7 101.1  24.8 85.8 66.5 
TS_Step  25.3 115.3 102.7  34.6 124.2 106.9  23.9 97.3 73.6 
TS_Step  53.4 121.1 91.3  64.5 135.4 106.8  52.8 104.6 65.9 
TS_Step  56.4 128.3 105.6  66.4 141.8 118.7  52.2 110.7 78.9 
TS_Step  26.5 129.0 127.8  25.9 127.3 119.6  18.3 104.0 92.8 
TS_Step  56.9 134.9 124.9  67.3 148.5 132.9  51.4 113.6 91.9 
TS_Step  48.5 140.9 97.8  58.3 154.1 105.3  49.3 123.7 67.1 
TS_Step  48.0 141.6 117.9  62.4 155.5 128.7  51.2 123.2 89.7 
5n-ring             
TS_R5  88.7 102.0 42.1  101.2 120.2 65.8  61.9 77.5 19.3 
TS_R5  105.6 117.0 -  118.7 137.8 -  79.0 96.1 - 
TS_R5  124.9 133.1 54.3  132.8 149.2 81.0  91.9 106.7 32.2 
3n-ring             
TS_R3  106.1 136.0 -44.8  100.2 143.7 -25.7  69.9 112.5 -53.3 
TS_R3  97.8 143.4 -39.3  105.3 158.7 -19.8  67.1 124.2 -47.9 
TS_R3  120.4 163.7 -21.2  125.0 178.5 -  88.2 143.6 - 
             
1f 
+ 
3c 

            

concerted             
TS_Con  26.9 66.7 -5.4  31.7 76.4 17.3  22.1 59.4 -17.8 
TS_Con  26.9 68.1 -16.8  31.7 77.3 5.1  22.1 63.2 -27.6 
TS_Con  28.8 69.4 -17.7  33.6 78.9 5.1  23.7 61.6 -28.9 
stepwise             
TS_Step  21.8 66.0 49.2  25.5 74.8 57.5  18.5 61.5 41.9 
TS_Step  19.4 74.3 56.7  21.9 79.9 56.7  17.4 72.3 43.4 
TS_Step  23.8 78.2 56.8  28.9 85.6 57.4  20.9 76.7 43.6 
5n-ring             
TS_R5  49.2 53.0 -7.9  57.5 63.0 13.9  41.8 46.0 -19.8 
3n-ring             
TS_R3  56.7 95.1 -65.7  56.8 107.8 -49.0  43.4 91.6 -68.0 
TS_R3  56.7 95.9 -64.5  56.8 109.1 -44.8  43.4 92.6 -64.9 
TS_R3  56.8 96.4 -60.0  57.4 108.7 -42.9  43.7 91.9 -63.1 
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Table S7-7. Transition state (TS), reactant complex (RC) and product (P) energies ( Hsol-opt, 
kJ/mol) for the reaction of Michael acceptors (1g, 1d, 2e, and 1f) with pyridinium ylide 3c 
calculated at different levels of theory. 

             

  
B3LYP/6-31G(d,p) 

/SMD(DMSO) 
 

B3LYP/6-311++G(3df,2pd) 
/SMD(DMSO) 

//B3LYP/6-31G(d,p) 
/SMD(DMSO) 

 

B2PLYP/cc-pVTZ 
/SMD(DMSO) 

//B3LYP/6-31G(d,p) 
/SMD(DMSO) 

Path  RC TS P  RC TS P  RC TS P 
1g 
+ 
3c 

        
 

   

concerted             
TS_Con  -7.9 23.1 -69.4  -3.3 30.4 -43.2  -12.0 11.4 -81.0 
TS_Con  -10.1 28.3 -64.5  -5.6 34.4 -44.1  -14.3 18.0 -77.1 
stepwise             
TS_Step  -7.9 19.1 -13.0  -3.4 27.7 -3.7  -11.0 10.1 -29.6 
TS_Step  -7.5 20.6 -2.9  -3.1 28.1 1.8  -11.8 9.2 -21.1 
TS_Step  -8.0 23.3 -2.1  -3.0 32.7 6.7  -12.2 14.0 -18.2 
TS_Step  -7.9 25.7 9.3  -5.9 29.9 11.9  -14.3 13.5 -7.5 
TS_Step  -7.6 25.6 12.4  -6.5 29.7 13.2  -12.7 15.1 -2.9 
TS_Step  -10.2 31.8 -3.3  -2.5 42.2 2.5  -9.1 28.9 -21.5 
TS_Step  -9.5 32.6 3.2  0.1 42.3 7.8  -10.1 26.2 -15.8 
TS_Step  -5.7 39.4 22.9  -5.4 39.5 14.0  -9.9 31.2 1.0 
5n-ring             
TS_R5  -13.0 -8.7 -63.1  -3.7 6.3 -40.0  -29.6 -22.5 -75.6 
TS_R5  -2.9 -4.9 -57.9  1.8 4.4 -33.1  -21.1 -21.4 -70.7 
TS_R5  -2.1 -4.7 -71.9  6.7 6.7 -48.0  -18.2 -19.2 -82.5 
TS_R5  9.3 7.0 -51.7  11.9 11.9 -29.2  -7.5 -9.6 -65.9 
TS_R5  11.9 10.0 -56.1  11.8 12.4 -36.0  -3.9 -5.0 -70.5 
3n-ring             
TS_R3  22.9 57.9 -99.8  14.0 63.3 -85.1  1.0 46.4 -103.9 
             
1d 
+ 
3c 

            

concerted             
TS_Con  -11.9 30.7 -63.9  -2.9 46.8 -38.3  -11.9 23.7 -76.2 
TS_Con  -7.5 36.9 -73.8  -2.2 52.4 -46.7  -12.9 28.7 -83.4 
TS_Con  -6.4 59.3 -73.4  5.3 73.1 -47.8  -8.0 50.2 -83.7 
TS_Con  0.9 60.9 -60.0  2.3 72.1 -33.6  -4.6 47.9 -73.5 
stepwise             
TS_Step  -14.9 47.9 28.7  -2.5 56.5 39.2  -12.9 42.8 13.7 
TS_Step  -14.0 46.1 27.7  -2.5 61.4 39.2  -12.4 44.2 12.9 
TS_Step  -14.3 48.1 28.7  -2.5 58.0 39.2  -12.9 43.6 13.7 
TS_Step  -13.5 49.5 37.0  -0.8 63.8 48.2  -14.7 43.6 20.8 
TS_Step  -8.0 56.4 50.0  3.6 68.9 59.4  -6.7 48.4 35.6 
5n-ring             
TS_R5  50.0 48.1 -64.0  59.4 59.5 -38.5  35.6 33.9 -76.2 
3n-ring             
TS_R3  27.7 63.0 -111.8  39.2 80.6 -90.1  12.9 55.2 -112.2 
TS_R3  28.7 64.0 -114.6  39.2 80.6 -89.6  13.7 56.1 -113.5 
TS_R3  40.9 70.3 -107.8  44.3 84.5 -86.2  22.2 61.5 -108.1 
             
2e 
+ 
3c 

            

concerted             
TS_Con  -4.3 57.6 -11.9  -2.6 61.7 8.7  -14.0 32.8 -36.3 
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TS_Con  -4.2 60.3 -10.7  -2.6 64.8 9.6  -14.8 35.7 -35.7 
TS_Con  -6.7 63.8 -23.3  -2.8 68.6 -4.9  -15.7 39.9 -46.2 
stepwise             
TS_Step  -6.4 42.4 28.6  -0.7 54.4 41.0  -12.7 22.0 1.7 
TS_Step  -6.0 47.4 37.3  0.0 56.1 43.2  -12.1 24.5 8.9 
TS_Step  -6.5 51.3 42.6  -1.8 60.5 51.6  -13.5 30.1 16.4 
TS_Step  -6.4 51.3 40.5  -0.7 59.1 46.6  -13.4 27.2 11.9 
TS_Step  -9.0 58.0 45.2  0.3 66.9 49.3  -10.4 40.0 16.1 
TS_Step  16.4 64.4 29.7  27.4 78.7 45.2  15.7 47.9 4.3 
TS_Step  18.0 70.5 44.3  28.0 84.1 57.4  13.8 53.0 17.6 
TS_Step  -2.5 74.9 71.8  -3.0 73.1 63.7  -10.7 49.8 36.9 
TS_Step  17.1 73.0 65.8  27.5 86.6 73.8  11.6 51.7 32.8 
TS_Step  16.6 82.8 40.7  26.5 96.0 48.2  17.5 65.6 10.0 
TS_Step  13.4 83.0 59.2  27.8 96.9 70.0  16.7 64.6 31.1 
5n-ring             
TS_R5  28.6 37.7 -18.5  41.1 55.9 5.2  1.7 13.2 -41.2 
TS_R5  44.3 52.3   57.4 73.1   17.6 31.3  
TS_R5  65.8 69.6 -5.9  73.8 85.7 20.7  32.8 43.2 -28.0 
3n-ring             
TS_R3  50.8 84.2 -76.7  45.0 91.9 -57.6  14.7 60.7 -85.2 
TS_R3  40.7 92.5 -71.3  48.2 107.8 -51.8  10.0 73.3 -79.9 
TS_R3  62.6 110.6 -57.6  67.2 125.4   30.4 90.5  
             
1f 
+ 
3c 

            

concerted             
TS_Con  -9.2 12.7 -63.3  -4.4 22.4 -40.5  -14.0 5.4 -75.6 
TS_Con  -9.2 16.6 -73.2  -4.4 25.8 -51.3  -14.0 11.8 -84.0 
TS_Con  -8.8 14.5 -72.1  -3.9 24.0 -49.2  -13.9 6.7 -83.2 
stepwise             
TS_Step  -7.9 14.2 -2.5  -4.1 23.0 5.8  -11.2 9.7 -9.9 
TS_Step  -5.9 26.1 7.5  -3.5 31.7 7.5  -8.0 24.1 -5.8 
TS_Step  -7.6 27.5 8.4  -2.5 35.0 9.0  -10.4 26.1 -4.7 
5n-ring             
TS_R5  -2.5 -4.9 -65.3  5.8 5.2 -43.5  -9.9 -11.9 -77.2 
3n-ring             
TS_R3  7.5 47.7 -95.3  7.5 60.4 -78.6  -5.8 44.2 -97.6 
TS_R3  7.5 48.0 -101.3  7.5 61.2 -81.6  -5.8 44.7 -101.7 
TS_R3  8.4 48.1 -93.4  9.0 60.5 -76.4  -4.7 43.7 -96.6 
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8.1 Supporting Information  

For: Kinetics and Mechanism of Oxirane-Formation by Darzens Condensation of Ketones: 
Quantification of the Electrophilicities of Ketones 
 

8.1.1 Methodology 

Methyl anion affinities (MAA) in the gas phase have been calculated using the same methodology 
employed successfully in earlier studies1 as the negative of the gas phase free energy at 298.15 K 
( G298) for the addition reaction shown in equation S1. [MAA = (- G298 of equation S1)]. 

 
(S1) 

Geometry optimizations have been performed with a combination of the B3LYP hybrid functional2 
and the 6-31G(d,p) basis set.3 Thermochemical corrections to Gibbs energies (corr. G) at 298.15 
K have been calculated using the rigid rotor/harmonic oscillator model without any scaling. Gibbs 
energies ( G298) at B3LYP/6-31G(d,p) level have been obtained through addition of Etot and corr. 

G. Single point total electronic energies ( Etot) have subsequently been calculated using a 
combination of the B3LYP hybrid functional and the larger 6-311++G(3df,2pd) basis set.3-4 Final 
Gibbs energies ( G298) have been obtained through a combination of Etot with the thermochemical 
corrections to Gibbs energies (corr. G) calculated at a lower level. In the following these will be 
designated as Ggas at [B3LYP/6-311++G(3df,2pd)//B3LYP/6-31G(d,p)]. Solvent effects on MAA 
values have first been estimated by adding single point solvation corrections ( GSolv) to Ggas for 
equation S1. GSolv was calculated for gas phase optimized geometries using the SMD5 continuum 
solvation model and subsequently added to gas phase Gibbs energies ( Ggas) to obtain solution 
phase Gibbs energies that will be designated single point solvation free energies ( Gsol-sp). In an 
alternative approached geometry optimization was carried out in the presence of the SMD 
continuum solvation model for DMSO at B3LYP/6-31G(d,p) level. The Gibbs energies calculated 
using the implicit DMSO optimized geometry are designated as Gsol-opt. 
Electrophilicity indices like the electronic chemical potential ( ), the chemical hardness ( ), and the 
global electrophilicity index ( ) were calculated from orbital energies using eqs. S2, S3, and S4.6  

 = ½ ( HOMO + LUMO) (S2) 

 = ( LUMO  HOMO) (S3) 

 = 2/2  (S4) 

Local electrophilicity indices ( c) at the carbonyl carbon atom for electrophiles (see equation S1) 
were calculated using the nucleophilic Fukui function (fc

+) as defined in eq. S5. 

c = ·fc
+ (S5) 

In this work, we calculated the nucleophilic Fukui function (fc
+) using two different approaches. 

First, the condensed nucleophilic Fukui function (fc
+) for atom c (carbonyl carbon atom for 

electrophiles) was calculated using a procedure described by Contreras and co-workers,7 where fc
+ 

was calculated from the Gaussian 09 output files by the Fukui function program available at 
https://github.com/dmsteglenko/Fukui-function-calculation. In a second approach we used the 
Yang and Mortier method,8 where the Fukui function for the nucleophilic attack is defined as the 
change of partial charge q at a certain atom c (carbonyl carbon atom for electrophiles) by adding an 
electron to the corresponding molecule, that is: 

fc 
+ = qc(N+1)  qc(N) (S6) 

with N = total number of electrons in the neutral molecule. We calculated fc
+ as defined in eq. S6 

using Mulliken charges.  
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The methodology used for the calculation of potential energy surfaces (PES) for nucleophilic 
additions to electrophiles follows suggestions recently made for this type of reaction in ref 9. This 
includes geometry optimizations for all stationary points (minima, complexes and transition states) 
along the PES at the PCM(DMSO,UA0)/B3LYP-D3/6-31+G(d,p) level of theory. The PCM variant 
used here is based on the Formalism for the Polarizable Continuum Model 
(IEFPCM)  solvation model employing United Atom Topological Model (UA0) radii derived from 
the UFF force field [scrf=(iefpcm,read,solvent=dmso), radii=ua0].10 The dispersion model is that 
proposed by Grimme as the "GD3" model [empiricaldispersion=gd3].11 
All stationary points were confirmed by vibrational frequency calculation with 0, 0, and 1 imaginary 
frequencies, respectively. All stationary points were checked for wavefunction stability 
(stable=opt). The nature of transition states was further confirmed by IRC calculations [20 steps in 
both directions (reverse/forward) with stepsize=3] followed by geometry optimization to the next 
minima. In cases of very flat PES(s), manual displacement away from the TS(s) followed by 
geometry optimization was employed. PES surfaces were re-evaluated at 
PCM(DMSO,UA0)/B2PLYP12-D3/Def2TZVPP level of theory.13 All calculations were performed 
with Gaussian 09, Rev. D.14 

8.1.2 Mechanistic Investigation 

8.1.2.1 QM data for reaction profiles 

Table S8-1. [Table S22] Transition state (TS), reactant complex (RC) and product complex (PC) 
barriers ( Gsol-opt, kJ/mol) for the reaction of arylsulfonyl-substituted chloromethyl anions 2a with 
electrophiles [ketones (1c and 1g) and dimethyl maleate 5*] calculated at different levels of theory. 

          

Path 
B3LYP-D3/6-31G+(d,p) 

/PCM(DMSO,UA0) 

B3LYP-D3 
/6-31G+(d,p) 

B2PLYP-D3 
/def2TZVPP/PCM(UA0) 

//B3LYP-D3/6-31G+(d,p)/PCM(DMSO,UA0) 
RC TS PC RC TS PC RC TS PC 

1c 
+ 
2a 

         

syn 19.4 46.5 26.8 -23.7 11.9 13.6 16.6 47.4 32.4 
syn 26.0 50.8 31.8 -11.0 19.9 19.4 28.0 56.3 39.5 
syn 28.1 51.1 42.8 - - - - 55.2 51.6 
syn 31.4 52.7 36.9 - - - - 55.5 42.5 
syn 27.8 55.1 36.8 - - - - 60.5 42.6 
syn 34.0 60.8 36.2 - - - - 66.0 41.2 
syn 31.1 62.6 50.0 - - - - 64.0 55.9 
syn 30.9 64.2 55.2 - - - - 72.8 66.3 
syn 34.4 66.5 55.4 - - - - 74.6 65.9 
syn 37.0 72.9 54.9 - - - - 79.3 62.6 
syn 40.0 78.7 59.3 - - - - 85.1 66.4 
          
anti 26.4 56.7 32.3 -4.5 28.5 2.8 28.5 61.5 37.7 
anti 30.4 63.2 25.1 -3.8 34.2 -6.1 34.4 67.8 28.3 
anti 35.7 77.6 51.3 - - - - 80.0 56.6 
anti 40.1 79.8 53.8 - - - - 85.3 60.9 
anti 41.4 85.8 46.0 - - - - 92.4 50.6 
anti - 87.3 48.7 - - - - 92.4 52.3 
          
cy 25.1 37.7 -89.1 -6.1 10.5 -21.6 28.3 44.8 -66.0 
cy 40.9 46.6 -94.0 11.0 17.4 -52.6 47.5 54.5 -74.0 
cy 32.3 51.8 -90.2 - - - 37.7 60.8 -68.3 
cy 45.9 58.7 -76.4 - - - 50.6 66.6 -55.0 
cy 50.1 59.0 -78.6 - - - 52.7 65.6 -57.4 
cy 48.7 60.1 -74.1 - - - 52.3 67.5 -52.0 
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cy 51.4 65.2 -72.8 - - - 56.6 72.5 -53.0 
cy 52.5 65.9 - - - - 60.1 74.2 - 
cy 54.7 72.1 -78.6 - - - 60.6 81.3 -57.4 
cy 53.8 72.1 -76.4 - - - 60.9 82.0 -55.0 
          
rot 26.7 52.1 29.1 13.5 37.1 23.4 32.4 58.5 35.1 
rot 31.8 60.1 36.8 19.4 45.1 26.2 39.5 68.9 43.7 
rot 34.0 61.6 25.1 26.7 45.6 -6.1 41.4 68.2 28.3 
rot 42.8 59.6 44.6 - - - 51.6 68.2 51.4 
rot 53.8 79.7 51.3 - - - 58.6 84.5 56.5 
rot 55.4 71.0 40.9 - - - 65.9 79.9 47.6 
rot 59.3 86.0 48.3 - - - 66.4 92.9 53.3 
rot 63.9 86.8 48.3 - - - 67.9 89.2 53.3 
rot 71.1 90.3 48.1 - - - 72.4  51.2 
rot - 59.6 - - - - - 68.2 - 
rot - 61.6 - - - - - - - 
rot - 62.7 - - - - - - - 
rot - 63.2 - - - - - - - 
rot - 69.6 - - - - - - - 
rot - 75.2 - - - - - - - 
rot - 77.1 - - - - - - - 
rot - 86.0 - - - - - - - 
rot - 86.0 - - - - - - - 
rot - 86.3 - - - - - - - 
rot - 86.3 - - - - - - - 
rot - 88.8 - - - - - - - 
rot - 89.6 - - - - - - - 
rot - 89.9 - - - - - - - 
rot - 90.0 - - - - - - - 
          
1g 
+ 
2a 

         

Path RC TS PC RC TS PC RC TS PC 
syn 16.8 36.5 28.1 -28.3 -2.6 9.8 15.9 41.6 37.7 
syn  36.6 28.1 - - - - 41.7 37.7 
syn 22.9 38.7 23.3 -13.4 13.8 31.3 21.5 41.8 29.5 
syn 22.8 38.8 23.3 - - - - 41.8 29.5 
syn - 43.2 28.2 - - - - 45.5 34.8 
syn - 49.9 40.0 - - - - 59.0 51.3 
syn 28.9 53.5 42.6 - - - - 62.0 53.4 
syn - 55.5 36.0 - - - - 63.0 44.6 
syn - 57.5 38.3 - - - - 64.3 45.8 
          
anti 28.4 39.6 14.0  2.7 -21.8 30.3 42.6 18.8 
anti 30.0 50.4 6.7 7.0 16.7 -32.5 33.8 53.7 9.6 
anti 28.9 55.8 26.1 - - - - 62.8 33.5 
anti 31.5 59.0 31.4 - - - - 64.5 38.7 
anti 33.7 60.1 34.3 - - - - 66.6 42.2 
anti 33.9 66.9 25.0 - - - - 72.9 29.5 
anti 33.8 66.9 25.0 - - - - 72.9 29.5 
anti - 67.0 28.4 - - - - 74.8 34.1 
anti - 67.5 28.4 - - - - 75.1 34.1 
          
cy 6.8 22.8 -98.2 -32.4 -8.8 -73.5 9.7 30.0 -76.9 
cy - 32.1 -97.8 - - - - 40.9 -76.8 
cy 14.0 38.9 - - - - - 48.2 - 
cy 27.5 42.3 -82.9 -7.4 9.7 -57.4 33.4 51.0 -61.5 
cy 25.0 43.2 -72.1 - - - - 51.7 -51.0 
cy 34.3 54.3 -83.0 - - - - 65.1 -61.6 
cy 31.4 55.3 -74.2 - - - - 65.8 -54.3 
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rot 28.6 40.3 6.7 3.8 10.9 -32.5 30.2 41.4 9.5 
rot 21.3 42.1 14.0 -20.7 2.1 -21.8 23.8 44.0 18.8 
rot 16.6 46.9 6.7 1.5 23.2 -32.5 23.4 52.5 9.5 
rot 28.0 47.3 29.7 - - - - 56.7 37.5 
rot 32.8 51.2 22.2 - - - - 55.8 29.3 
rot 28.2 56.2 31.1 - - - - 63.1 39.0 
rot 45.6 62.1 25.0 - - - - 65.5 29.5 
rot 44.2 64.2 27.0 - - - - 67.3 33.0 
rot 39.1 68.0 34.3 - - - - 72.2 42.2 
rot - 47.3 - - - - - - - 
rot - 47.3 - - - - - - - 
rot - 51.5 - - - - - - - 
rot - 54.5 - - - - - - - 
rot - 54.5 - - - - - - - 
rot - 62.1 - - - - - - - 
rot - 63.2 - - - - - - - 
rot - 63.3 - - - - - - - 
rot - 63.7 - - - - - - - 
rot - 64.6 - - - - - - - 
rot - 64.7 - - - - - - - 
rot - 64.7 - - - - - - - 
rot - 64.8 - - - - - - - 
rot - 64.9 - - - - - - - 
rot - 65.2 - - - - - - - 
rot - 67.5 - - - - - - - 
rot - 67.5 - - - - - - - 
          
5* 
+ 
2a 

         

Path RC TS PC RC TS PC RC TS PC 
syn 30.4 45.6 -21.7 - - - 27.6 46.2 -21.1 
syn 32.0 52.7 -0.3 - - - 28.3 52.8 0.1 
syn 35.1 54.7 -1.8 - - - - 60.1 -0.4 
syn 34.6 55.1 -7.5 - - - - 57.5 -8.7 
syn 36.4 55.1 -7.5 - - - - 57.6 -8.7 
syn 41.5 56.3 -13.1 - - - - 62.6 -10.4 
syn 36.7 57.7 -4.6 - - - - 62.5 -3.2 
syn 36.0 60.3 -2.5 - - - - 66.2 0.4 
          
anti 32.7 49.3 -15.1 - - - 34.2 54.7 -14.0 
anti 15.3 49.6 -31.4 - - - 15.7 50.9 -28.6 
anti 37.9 54.3 -40.5 - - - 42.8 58.2 -39.0 
          
cy -43.8 -22.7 -206.7 - - - -42.9 -13.8 -189.1 
cy -40.6 -17.8 -203.8 - - - -39.0 -8.8 -186.0 
cy -37.2 -5.8 -173.9 - - - -37.1 3.4 -155.5 
cy -34.8 -3.2 -171.4 - - - -34.2 6.1 -153.4 
cy -27.3 -2.9 -188.2 - - - -25.9 6.2 -171.1 
cy -19.2 13.5 -160.4 - - - -18.5 23.5 -142.3 
          
rot -19.9 -0.7 -31.4 - - - -17.3 0.9 -28.6 
rot -2.6 2.2 -35.8 - - - 0.3 2.7 -32.8 
rot -5.5 3.8 -34.8 - - - -7.0 4.9 -32.7 
rot -0.8 5.7 -29.8 - - - 0.7 8.0 -25.5 
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Figure S8-1. Reaction profiles Gsol-opt, kJ/mol) for the reaction of 2a with (A) [Figure S3] 1c, (B) 
[Figure S8] 1g and (C) [Figure S13] 5* calculated at the B3LYP-D3/6-31+G(d,p)/ 
PCM(UA0,DMSO) level of theory. Faded bars are used to show the conformational space screened 
for each point along the profile. Dimethyl maleate 5* is used as a model substrate for diethyl maleate 
5.  
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8.1.2.2 Halohydrin conformational distribution 

 

 
Figure S8-2. [Figure S15] (a) The proposed mechanism of the reactions of reference nucleophiles 
with ketones. (b) Crossover reaction. (c) The experimentally derived ratio of krc/k-CC. 
Conformational distribution of halohydrins in (d) neutral and (e) anionic (deprotonated) form 
calculated at the B3LYP-D3/6-31+G(d,p)/PCM(UA0,DMSO) level of theory. Energies are reported 
in kJ/mol.  
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8.1.3 Correlations  

8.1.3.1 Gas phase MAA 

 

 
Figure S8-3. [Figure S17] Correlation between E of ketones and their gas phase MAA (- Ggas, 
kJ/mol) calculated at (A) B3LYP/6-31G(d,p) and (B) B3LYP/6-311++G(3df,2pd)//B3LYP/6-
31G(d,p) level of theory. 

 

8.1.3.2 Single point implicit-solvation (DMSO) corrected MAA  

 

 
Figure S8-4. [Figure S20] Correlation between E of ketones and their MAA [- Gsol-sp = 
( G298+ ) kJ/mol] calculated at (A) B3LYP/6-31G(d,p) and (B) B3LYP/6-311++G(3df,2pd) 
//B3LYP/6-31G(d,p) levels of theory. (see Table S8-2)  
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Table S8-2. [Table S25] Methyl anion affinities (- G, in kJ/mol) calculated for ketones and 
aldehydes at different levels of theory. 

Marker E 

Gas Phase Optimized Single Point Implicit Solvation Corrected 
Ggas)a Gsol-sp)b 

B3LYP B3LYP 
6-31G (d,p)d 6-311++G(3df,2pd)d 6-31G (d,p)d 6-311++G(3df,2pd)d 

1a -17.47 191.0 131.6 67.5 8.0 
1b -21.04 180.5 114.2 49.0 -14.6 
1c -19.88 201.3 126.7 62.3 -11.7 
1d -22.16 194.3 116.3 50.4 -26.8 
1e -18.39 208.6 136.2 69.5 -2.9 
1f -17.85 219.7 147.3 73.8 1.4 
1g -16.84 236.4 158.3 82.2 4.1 
1h -18.17 213.5 138.5 69.7 -5.3 
1i -22.24 180.6 114.3 48.5 -16.4 
1j -15.60 222.9 144.4 70.1 5.9 
1m* -13.1 221.9 155.2 94.5 27.8 
1o* -15.4 212.7 143.7 82.2 13.2 

a Ggas G298 values of gas phase optimized geometries. b Gsol-sp G298 

of gas phase geometries + single point implicit DMSO solvation energies (SMD) for the same. c Gsol-opt) 
G298 values for implicit DMSO optimized geometries (SMD). d Using gas phase optimized B3LYP/6-

31G(d,p) geometries.  

 

8.1.3.3 Effects of solvation energies on conformational selection 

 

 
Figure S8-5. [Figure S24] Free energies for CH3

- addition to 1c and 1b in gas ( Ggas) and solution 
phase ( Gsp-sol) calculated at B3LYP/6-311++G(3df,2pd)//B3LYP/6-31G(d,p) and B3LYP/6-
311++G(3df,2pd)/SMD(DMSO)//B3LYP/6-31G(d,p) levels of theory, respectively. 

The correlation between MAA and E improves when gas phase values ( Ggas) of the former were 
corrected by solvation energies ( Gsolv) obtained in single point SMD calculations. It is important 
to mention that this improvement in the correlation depends heavily on finding the lowest energy 
conformer both in the gas and solution phase. This observation is illustrated in Figure S8-5 for the 
example of cyclohexanone 1c, which has a 12.5 kJ/mol higher MAA than cyclopentanone 1b in the 
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gas phase ( Ggas), which is reduced to 2.9 kJ/mol in DMSO ( Gsp-sol). This 9.6 kJ/mol change 
results from two important factors. First, a change in conformational preference for the adducts 
from the gas phase to DMSO and second the differences in the absolute solvation energies of both 
ketones and their corresponding adducts. 

 
Figure S8-6. [Figure S25] Conformational energetics for CH3  adducts (A) ac (of 1c) and (B) ab 
(of 1b) in gas ( Ggas) and solution phase ( Gsp-sol) calculated at B3LYP/6-311++G(3df,2pd)// 
B3LYP/6-31G(d,p) and B3LYP/6-311++G(3df,2pd)/SMD(DMSO)//B3LYP/6-31G(d,p) levels of 
theory, respectively. 

Conformational preference: ketones 1b and 1c prefer conformations where the carbonyl oxygen is 
equatorially oriented (gas phase and DMSO). Adducts of these ketones have different 
conformational preferences in the gas phase and in DMSO: ab1 and ac1 are preferred in the gas 
phase, and ab2 and ac2 are preferred in DMSO. For cyclohexanone adducts the conformer ac2 has 
a 8.2 kJ/mol higher solvation energy than conformer ac1 and thus becomes the global minimum in 
DMSO [see Figure S8-6 (A), for solvation energies see column 4 of Table S8-3]. Because of this 
change, the driving force for CH3

- addition to ketone 1c is reduced by 7.6 kJ/mol in DMSO relative 
to the gas phase (ac2 is 7.6 kJ/mol higher in gas phase). A similar conformational switch can be 
observed for the reaction of cyclopentanone 1b, where adduct conformer ab2 becomes the global 
minimum in DMSO due to a 3.9 kJ/mol higher solvation energy as compared to conformer ab1.  

Table S8-3. [Table S27] Relative energies (in kJ/mol) for 1b and 1c along with their adducts. 

Marker 

Rel. Ggas 
B3LYP 

/6-311++G(3df,2pd) 
//B3LYP/6-31G(d,p) 

Gsolv 

SMD(DMSO)/B3LYP 
/6-31G(d,p) 

//B3LYP/6-31G(d,p) 

Rel. Gsp-sol 
SMD(DMSO)/B3LYP 
/6-311++G(3df,2pd) 
//B3LYP/6-31G(d,p) 

1b 0.0 -25.9 0.0 
    

ab1 0.0 -224.2 2.7 
ab2 1.2 -228.0 0.0 

    
1c 0.0 -26.8 0.0 
1c 12.5 -27.1 12.1 

    
ac1 0.0 -217.5 0.6 
ac2 7.6 -225.7 0.0 
ac3 26.7 -221.9 22.9 

 
Taken together this change in conformational preference leads to a loss of 1.2 kJ/mol driving force 
for CH3

- addition to 1b in DMSO relative to the gas phase. Overall, because of the changes in 
conformation preferences, it becomes 6.4 (7.6-1.2) kJ/mol more difficult to add CH3

- to 1c in DMSO 
relative to the gas phase when comparing it with 1b. The absolute solvation free energy of ketone 
1c (-26.8 kJ/mol) is 0.9 kJ/mol higher than that for 1b (-25.9 kJ/mol), while for the methyl anion 
adducts ab2 (-228.0 kJ/mol) is 2.3 kJ/mol better solvated than ac2 (-225.7 kJ/mol). [see column 4 



Chapter 8 

 

194  
  

of Table S8-3]. Taking these solvation effects into account, the CH3
- addition to 1c is reduced 

relative to 1b by 3.2 kJ/mol in DMSO solution.  Combination of both factors (change in 
conformational preference with 6.4 kJ/mol, and difference in absolute solvation energies of 3.2 
kJ/mol) results in a 9.6 kJ/mol reduction of CH3

- addition reaction energy for 1c relative to 1b in 
DMSO when compared to the gas phase. 
 

8.1.3.4 E vs Frontier Molecular Orbital Energies (FMOE) 

 

Table S8-4. [Table S28] HOMO and LUMO energies (Hartree) for ketones and aldehydes at different 
levels of theory. 

       

Marker 
B3LYP/6-31G(d,p) 

B3LYP/6-31G(d,p)/SMD(DMSO) 
//B3LYP/6-31G(d,p) 

B3LYP/6-311++G(3df,2pd) 
//B3LYP/6-31G(d,p) 

HOMO (EH) LUMO (EL) HOMO  LUMO  HOMO  LUMO  
1a -0.24245 -0.02117 -0.23629 -0.01179 -0.25743 -0.03994 
1b -0.23597 -0.01449 -0.23076 -0.00600 -0.25073 -0.03336 
1c -0.23443 -0.01201 -0.22980 -0.00432 -0.24879 -0.03383 
1d -0.23483 -0.01104 -0.23104 -0.00427 -0.24950 -0.03153 
1e -0.22444 -0.01456 -0.21284 -0.00768 -0.23805 -0.03542 
1f -0.24378 -0.02071 -0.23565 -0.00941 -0.25848 -0.04045 
1g -0.23250 -0.02310 -0.22327 -0.01134 -0.24075 -0.04213 
1h -0.23481 -0.01233 -0.23238 -0.00757 -0.24970 -0.03238 
1i -0.24272 -0.00948 -0.23665 -0.00012 -0.25646 -0.02730 
1j -0.22563 -0.02762 -0.22018 -0.01957 -0.23476 -0.04346 
1m* -0.25521 -0.06342 -0.25209 -0.05735 -0.26952 -0.08083 
1o* -0.23442 -0.05149 -0.22737 -0.04826 -0.24806 -0.06825 

 

 

Figure S8-7. [Figure S29] Correlation between E and frontier molecular orbital energies of ketones 
electrophiles (A) HOMO and (B) LUMO calculated at the B3LYP/6-31G(d,p)/SMD(DMSO) 
//B3LYP/6-31G(d,p) level of theory. FMO energies are reported in Hartree.  
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8.1.3.5 E vs Electrophilicity Indices 

 

Table S8-5. [Table S29] Electrophilicity indices for ketones and aldehydes calculated at B3LYP/6-
31G(d,p) level of theory. Global ( ) and local ( c) Parr electrophilicity indices (eV). 

Marker 

Chemical 
Potential 

 
(EH+EL)/2 

Chemical 
Hardness 

 
(EL-EH) 

Global 
Electrophilicity 

Index 
= 2/2  

Local Electrophilicity ( c), 
Yang and Mortier 

c 

Contreras 
qc 
(N) 

qc 
(N+1) 

fc
+ c 

 fc
+) 

fc
+ c 

 fc
+) 

1a -0.13181 0.22128 1.07 0.395103 0.242452 0.15 0.16 0.48 0.51 
1b -0.12523 0.22148 0.96 0.416329 0.260839 0.16 0.15 0.50 0.48 
1c -0.12322 0.22242 0.93 0.426145 0.261355 0.16 0.15 0.50 0.47 
1d -0.12294 0.22379 0.92 0.421597 0.271794 0.15 0.14 0.51 0.47 
1e -0.11950 0.20988 0.93 0.415529 0.252644 0.16 0.15 0.50 0.46 
1f -0.13225 0.22307 1.07 0.413215 0.241469 0.17 0.18 0.50 0.53 
1g -0.12780 0.20940 1.06 0.429222 0.251864 0.18 0.19 0.51 0.54 
1h -0.12357 0.22248 0.93 0.422973 0.257594 0.17 0.15 0.51 0.47 
1i -0.12610 0.23324 0.93 0.420833 0.254655 0.17 0.15 0.53 0.49 
1j -0.12663 0.19801 1.10 0.431925 0.305401 0.13 0.14 0.46 0.51 
1m* -0.15932 0.19179 1.80 0.258182 0.137644 0.12 0.22 0.26 0.48 
1o* -0.14296 0.18293 1.52 0.253321 0.132615 0.12 0.18 0.28 0.42 

For the Yang and Mortier method:  fc
+= |qc(N+1)  qc(N)|, where, qc is partial charge at atom c (carbonyl carbon atom 

for electrophiles) and N is a number of electrons in the neutral system. 

 
 

 
Figure S8-8. [Figure S33] Correlation between E and gas phase local electrophilicity index ( c, in 
eV) calculated at B3LYP/6-31G(d,p) level of theory for ketones using (A) The Contreras method 
and (B) The Yang and Mortier method. The Fukui function for nucleophilic attack (fc

+) hase been 
calculated using Mulliken charges for the Yang and Mortier method. 
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9.1 Supporting Information  

For: Nucleophilicity and Electrophilicity Parameters for Predicting Absolute Rate Constants of 
Highly Asynchronous 1,3-Dipolar Cycloadditions of Aryldiazomethanes 
 
 
 
 
 
 
 

9.1.1 Methodology  

Frontier orbital energies (HOMO/LUMO), global ( ) and local ( ) electrophilicities as well as 
methyl anion affinities (MAAs) for the Michael acceptors discussed in this work are taken from ref. 
1. 
 
The methodology used for the calculation of potential energy surfaces (PES) for nucleophilic 
additions to electrophiles follows suggestions recently made by Mayer et al. for this type of 
reaction.2 This includes geometry optimizations for all stationary points (minima, complexes and 
transition states) along the PES at the PCM(CH2Cl2,UA0)/B3LYP3-D34/6-31+G(d,p)5 level of 
theory. Thermochemical corrections to Gibbs energies (corr. G) and enthalpy (corr. H) at 298.15 
K have been calculated using the rigid rotor/harmonic oscillator model without any scaling. The 
PCM variant used here is based on the 

4 

(minima, complexes and transition states)

 The nature of transition states was further 
confirmed by IRC calculations [15 steps in both directions (reverse/forward) with stepsize=3] 
followed by geometry optimization to the next minima. In cases of very flat PES(s), manual 
displacement away from the TS(s) followed by geometry optimization was employed. PES surfaces 
were re-evaluated at the B2PLYP7-D3/Def2TZVPP8 level of theory with or without the 
PCM(CH2Cl2,UA0) solvation model. The Wiberg bond index (Bi) has been calculated using 
NBO6.9 All calculations were performed with Gaussian 09, Rev. D.10 
 
Gibbs energies ( Gsol) at PCM(CH2Cl2,UA0)/(U)B3LYP-D3/6-31+G(d,p) level have been 
obtained through addition of the total electronic energy ( Etot) and corr. G obtained at the same 
level of theory. Gsol at PCM(CH2Cl2,UA0)/(U)B2PLYP-D3/Def2TZVPP//PCM(CH2Cl2,UA0) 
/(U)B3LYP-D3/6-31+G(d,p) level have been obtained by combination of Etot at a higher level 
[PCM(CH2Cl2,UA0)/(U)B2PLYP-D3/Def2TZVPP] with corr. G obtained at the level of 
optimization [PCM(CH2Cl2,UA0)/(U)B3LYP-D3/6-31+G(d,p)]. Similarly, the gas phase Gibbs 
energies ( Ggas) at (U)B2PLYP-D3/Def2TZVPP//PCM(CH2Cl2,UA0)/(U)B3LYP-D3/6-31+G 
(d,p) level have been calculated by adding corr. G obtained at the level of optimization to Etot at 
a higher level. Gsol+ values at (U)B2PLYP-D3/Def2TZVPP+PCM(CH2Cl2,UA0)/(U)B3LYP-
D3/6-31+G(d,p) level have been calculated by adding single point solvation energies ( Gsolv) and 
corr. G obtained at the level of optimization to the Etot at a higher level. 
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9.1.2 Correlation analysis 

Table S9-1. [Table S1] Quantum chemically calculated frontier orbital energies, global ( ) and 
local ( ) electrophilicities as well as methyl anion affinities (MAAs) of Michael acceptors. 
(reported in ref. 1). 

Michael acceptor 
E a # lg k2

exptl HOMO 
b 

(Hartree) 
LUMO 

b 

(Hartree) 
Global b 

(eV) 
Local b 

(eV) 
MAA (kJ mol 1) 

Lable ref 2. Ggas 
c Gsol-sp 

d 
5a 1a 18.84 1.31 0.27299 0.04454 1.50 0.62 205.5 80.7 
5b 1g 16.76 0.65 0.24738 0.05476 1.61 0.60 222.8 104.2 
6 17b 17.79 0.39 0.27664 0.07861 2.17 0.55 223.1 74.2 
7 17d 14.07 - 0.27143 0.09656 2.63 0.59 260.8 113.9 
8a 17l 12.76 0.48 0.20434 0.07478 2.05 0.63 311.2 135.3 
8b 17o 10.28 0.88 0.22917 0.08527 2.34 0.73 330.7 154.4 
8c 17r 9.15 1.68 0.25084 0.09360 2.57 0.78 344.7 169.6 
9a 17n 10.80 1.82 0.23815 0.09709 2.71 0.81 311.1 161.9 
9b 17q 9.42 - 0.25994 0.10707 3.00 0.88 325.4 177.4 
10 1j 12.09 0.83 0.32333 0.06439 1.97 0.98 295.9 160.5 
11a 17m 11.32 0.62 0.22045 0.08670 2.40 0.65 318.9 147.1 
11b 17p 10.11 0.16 0.23995 0.09406 2.60 0.70 331.9 160.7 
12 17f 7.50 3.17 0.26834 0.07201 2.01 0.81 355.3 174.8 

a Empirical electrophilicity parameters as defined in equation [lg k20°C = sN(N + E)]. b Calculated at B3LYP/6-31G(d,p) 
level in the gas phase. c Calculated at B3LYP/6-311++G(3df,2pd)//B3LYP/6-31G(d,p) level in the gas phase. d Based 
on methyl anion affinities Ggas which were corrected for solvent effects by adding single point solvation energies 
calculated at B3LYP/6-31G(d,p) level using the SMD (solvent=dmso) solvation model on gas phase optimized 
geometries at the same level. # Calculated from second-order rate constants of reactions between aryldiazomethane 1a 
and Michael acceptors (5 12) in dichloromethane at 20 °C (Table 3 in the manuscript) 

 

 
Figure S9-1. [Figure S2] Correlation analysis of second order rate constants lg k2

exptl (for the 
reactions of 1a with diverse electrophiles) with A) HOMO engergies ( HOMO), B) LUMO energies 
( LUMO), C) global electrophilicities ( ), D) local electrophilicities ( ) calculated at B3LYP/6-
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31G(d,p) level in the gas phase. E) Correlation with gas phase methyl anion affinies (MAAgas) and 
F) solvation corrected methyl anion affinies (MAAsol-sp) for Michael acceptors listed in Table S9-1. 
9a  

9.1.3 Mechanistic Investigation  

 

Figure S9-2. [Figure S5] Correlation between experimental and theoretically calculated reaction 
barriers for the reaction of 5a, 10, 9a, 8c and 12 with 1a calculated at (A) PCM(UA0,CH2Cl2)/ 
(U)B3LYP-D3/6-31+G(d,p) and (B) PCM(UA0,CH2Cl2)/(U)B2PLYP-D3/Def2TZVPP// 
PCM(UA0,CH2Cl2)/(U)B3LYP-D3/6-31+G(d,p) levels of theory. 

 
Table S 9-2. [Table S2] Experimental and theoretically calculated reaction barriers for the reaction 
of 5a, 10, 9a, 8c and 12 with 1a. 

System 

Experimental 
Data 

PCM(UA0,CH2Cl2)/(U)B3LYP-D3/6-
31+G(d,p) 

PCM(UA0,CH2Cl2)/(U)B2PLYP-
D3/Def2TZVPP 

//PCM(UA0,CH2Cl2)/(U)B3LYP-D3/6-
31+G(d,p) 

k2
exptl 

(M-1 s-1) 
G exptl H sol G sol H sol G sol 

5a + 1a 0.04870 79.1 26.0 80.7 23.1 77.8 
10 + 1a 6.81 67.1 7.6 63.5 7.9 63.2 
9a + 1a 0.0151 82.0 29.7 83.2 20.4 73.8 
8c + 1a 48.0 62.3 2.6 56.9 -7.5 46.9 
12 + 1a 1480 54.0 -6.0 55.0 -15.4 45.7 



Nucleophilicity and Electrophilicity Parameters for Predicting Absolute Rate Constants of Highly Asynchronous 1,3-Dipolar Cycloadditions of 
Aryldiazomethanes 

 

217   
 

 

Figure S9-3. [Figure S7] Reaction profiles ( Gsol, kJ/mol) for the reaction of 5a, 10, 9a, 8c and 12 
with 1a calculated at the PCM(UA0,CH2Cl2)/(U)B2PLYP-D3/Def2TZVPP//PCM(UA0,CH2Cl2) 
/(U)B3LYP-D3/6-31+G(d,p) level of theory. 
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9.1.3.1 5a with 1a 

 

 
Figure S9-4. [Figure S13A] Reaction profiles ( Gsol, in kJ/mol) for the reaction of Michael acceptor 
5a with phenyl diazomethane 1a calculated at the PCM(UA0,CH2Cl2)/(U)B3LYP-D3/6-31+G(d,p) 
level of theory. Faded bars are used to show the conformational space screened for each point along 
PES. 

9.1.3.2 10 with 1a 

 

 
Figure S9-5. [Figure S18A] Reaction profiles ( Gsol, in kJ/mol) for the reaction of Michael acceptor 
10 with phenyl diazomethane 1a calculated at the PCM(UA0,CH2Cl2)/(U)B3LYP-D3/6-31+G(d,p) 
level of theory.  
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9.1.3.3 9a with 1a 

 

 
Figure S9-6. [Figure S23A] Reaction profiles ( Gsol, in kJ/mol) for the reaction of Michael acceptor 
9a with phenyl diazomethane 1a calculated at the PCM(UA0,CH2Cl2)/(U)B3LYP-D3/6-31+G(d,p) 
level of theory.  
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9.1.3.4 8c with 1a 

 
Figure S9-7. [Figure S26] Reaction profiles ( Gsol, in kJ/mol) for the reaction of Michael acceptor 8c with phenyl diazomethane 1a calculated at the 
PCM(UA0,CH2Cl2)/(U)B3LYP-D3/6-31+G(d,p) level of theory.  
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9.1.3.5 12 with 1a 

 

 

Figure S9-8. [Figure S31] Reaction profiles ( Gsol, in kJ/mol) for the reaction of Michael acceptor 12 with phenyl diazomethane 1a calculated at the 
PCM(UA0,CH2Cl2)/(U)B3LYP-D3/6-31+G(d,p) level of theory. 
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9.1.4 Tautomerisation 

 

 

Figure S9-9. [Figure S17A] Tautomerisation and conformational space for product P5 initially 
formed in the 1,3-dipolar cycloaddition of 1a with 5a calculated at the PCM(UA0,CH2Cl2)/ 
(U)B3LYP-D3/6-31+G(d,p) level of theory.  

 
 

 

Figure S9-10. [Figure S22A] Tautomerisation and conformational space for product P5 initially 
formed in the 1,3-dipolar cycloaddition of 1a with 10 calculated at the PCM(UA0,CH2Cl2)/ 
(U)B3LYP-D3/6-31+G(d,p) level of theory.  
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Table S9-3. [Table S3] Tautomerisation and conformational space for product P5 initially formed 
in the 1,3-dipolar cycloaddition of 1a with 5a and 10 calculated at the PCM(UA0,CH2Cl2)/ 
(U)B3LYP-D3/6-31+G(d,p) level of theory. 

P5 (5a + 1a)  P5 (10 + 1a) 
FileName Tautomer Esol Hsol Gsol  FileName Tautomer Esol Hsol Gsol 

a5_26 4-2 H Shift 0.0 0.0 0.0  a10_11 4-2 H Shift 0.0 0.0 0.0 
a5_28 4-2 H Shift 2.2 2.2 1.5  a10_12 4-2 H Shift 8.5 9.1 10.8 
a5_29 4-2 H Shift 4.7 4.6 2.5       
a5_31 4-2 H Shift 7.5 7.1 6.2  a10_6 1-3 H Shift 44.0 45.8 47.6 
a5_30 4-2 H Shift 7.7 7.9 5.6  a10_4 1-3 H Shift 44.6 46.3 48.2 
a5_16 4-2 H Shift 27.0 26.9 28.4       
a5_18 4-2 H Shift 32.6 32.4 33.4  a10_20  62.2 62.4 64.6 
a5_20 4-2 H Shift 33.7 33.6 33.9  a10_21  63.3 63.6 67.3 
a5_17 4-2 H Shift 34.1 34.0 35.1  a10_19  63.5 63.5 67.5 
a5_21 4-2 H Shift 34.9 34.6 34.6  a10_3  64.8 64.5 68.0 
      a10_1  64.9 64.6 66.4 
a5_11 1-3 H Shift 9.9 9.4 8.0  a10_2  65.1 64.9 68.3 
a5_12 1-3 H Shift 10.6 10.0 10.1       
a5_13 1-3 H Shift 33.6 32.6 30.0       
           
a5_2  42.1 40.8 39.5       
a5_1  43.3 41.9 39.6       
a5_6  43.8 41.9 39.7       
a5_7  44.9 43.0 40.3       
a5_4  64.9 63.4 64.3       
a5_9  66.0 64.0 64.8       
a5_5  70.2 68.8 70.4       
a5_10  71.9 69.8 69.1       

 
 

9.1.5 QM Data  

9.1.5.1 Distortion-interaction analysis (DIA) 

 

Table S9-4. [Table S5] Distortion- Esol, kJ/mol) for the concerted 
transition states (ts5) and the step-wise transition states (ts3) in the reaction of 5a, 9a, 10, 8c and 
12 with 1a calculated at different levels of theory. 

 PCM(UA0,CH2Cl2)/(U)B3LYP-D3/6-31+G(d,p)  
PCM(UA0,CH2Cl2)/(U)B2PLYP-D3/Def2TZVPP 
//PCM(UA0,CH2Cl2)/(U)B3LYP-D3/6-31+G(d,p) 

 
Distortion 

Electrophile 
Distortion 

Nucleophile 
TS 

Barrier 
Interaction 

Energy 
 

Distortion 
Electrophile 

Distortion 
Nucleophile 

TS 
Barrier 

Interaction 
Energy 

ts5          
5a 26.7 69.2 22.7 -73.1  28.3 68.5 19.8 -77.0 
10 40.3 58.4 4.2 -94.6  45.1 56.8 4.5 -97.5 
9a 58.5 68.3 27.3 -99.4  59.5 66.0 18.0 -107.5 
8c 55.4 48.9 -0.8 -105.1  58.4 45.6 -10.9 -114.8 
12 43.3 50.2 -10.4 -104.0  42.1 48.1 -19.8 -110.0 

          
ts3          
5a 54.2 50.8 56.5 -48.4  56.5 46.6 54.7 -48.4 
10 65.8 32.3 24.2 -73.8  74.7 27.1 29.9 -71.8 
9a 111.1 103.7 32.7 -182.1  113.0 98.6 27.1 -184.5 
8c 65.4 27.8 2.8 -90.4  69.6 22.5 -6.1 -98.3 
12 59.3 29.0 8.0 -80.3  58.2 24.0 -1.5 -83.7 
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9.1.5.2 Charge distribution and % of evaluation of the bond order 

 
 

Table S9-5. [Table S7] Charge on electrophiles [NBO and Mulliken], percentage of evolution of 
the bond order (%EV) for the concerted transition states (ts5) and the step-wise transition states (ts3) 
in the reaction of 5a, 9a, 10, 8c and 12 with 1a calculated at PCM(UA0,CH2Cl2)/(U)B3LYP-D3/6-
31+G(d,p) level of theory. %EV = (Bi

TS/ Bi
P)*100, where Bi is the Wiberg bond index of the ith bond 

and superscripts TS  and P  refer to the transition states and products, respectively. Bi is 
calculated using nbo6 at the PCM(UA0,CH2Cl2)/(U)B3LYP-D3/6-31+G(d,p) level of theory. 

 C-C Bond  C-N Bond  Charge on Electrophile 

 
Product 

(Bi
P) 

TS 
(Bi

TS) 

%EV =  
(Bi

TS/ 
Bi

P)*100 

 
Product 

(Bi
P) 

TS 
(Bi

TS) 

%EV =  
(Bi

TS/ 
Bi

P)*100 
 

NBO 
(nbo6) 

Mulliken 

ts5           
5a 0.98 0.41 41.6 %  0.95 0.22 23.0 %  -0.20 -0.14 
10 0.98 0.43 43.9 %  0.97 0.19 20.0 %  -0.30 -0.26 
9a 0.94 0.51 53.9 %  0.87 0.17 19.7 %  -0.38 -0.40 
8c 0.95 0.48 51.0 %  0.91 0.10 11.0 %  -0.43 -0.39 
12 0.97 0.43 44.7 %  0.97 0.16 16.5 %  -0.35 -0.54 

           
ts3           
5a 0.98 0.59 60.5 %  0.90 0.03 3.6 %  -0.31 -0.25 
10 0.97 0.52 53.8 %  0.93 0.04 4.1 %  -0.42 -0.43 
9a 0.98 0.85 86.4 %  0.87 0.07 8.6 %  -0.57 -0.48 
8c 0.90 0.48 53.6 %  0.02 0.02 -   -0.46 -0.19 
12 1.00 0.50 49.7 %  0.92 0.04 4.4 %  -0.41 -0.53 

 
 
 

9.1.5.3 Mechanistic Investigation  

 

Table S9-6. [Table S8] Transition state (TS), reactant complex (RC) and product complex (PC) 
energies ( Gsol, kJ/mol) for the reaction of Michael acceptors (5a, 9a, 10, 8c and 12) with phenyl 
diazomethane 1a calculated at different levels of theory. 

System PCM(UA0,CH2Cl2)/(U)B3LYP-D3/6-31+G(d,p)  
PCM(UA0,CH2Cl2)/(U)B2PLYP-D3/Def2TZVPP 
//PCM(UA0,CH2Cl2)/(U)B3LYP-D3/6-31+G(d,p) 

5a 
+ 
1a 

Filename Path RC TS PC  RC TS PC 

 a5_ts5_2 ts5 18.5 80.7 -49.9  17.1 77.8 -43.1 
 a5_ts5_12 ts5 14.6 81.1 -49.7  13.0 78.3 -43.6 
 a5_ts5_4 ts5 18.8 82.6 -49.9  18.0 80.3 -42.5 
 a5_ts5_13 ts5 15.3 84.0 -49.1  13.9 81.6 -42.6 
 a5_ts5_19 ts5 40.6 99.7 -24.6  39.8 97.0 -18.2 
 a5_ts5_10 ts5 45.4 101.0 -25.2  44.6 98.1 -18.1 
 a5_ts5_23 ts5 54.5 126.8 -12.8  54.4 125.9 -4.4 
 a5_ts5_11 ts5 52.2 126.9 -14.9  52.9 126.5 -6.9 
          
 a5_ts3_4 ts3  108.1 -194.8   106.3 -218.0 
 a5_ts3_13 ts3 16.1 111.5 -193.0  15.1 110.2 -215.5 
 a5_ts3_11 ts3 18.3 113.7 -191.6  16.9 111.6 -214.3 
 a5_ts3_1 ts3 39.6 124.0 -169.5  38.9 122.2 -192.3 
 a5_ts3_2 ts3 37.9 133.2 -170.9  37.4 131.0 -193.9 
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10 
+ 
1a 

Filename Path RC TS PC  RC TS PC 

 a10_ts5_f_3 ts5 18.8 63.5 -58.0  20.1 63.8 -46.8 
 a10_ts5_e_1 ts5 18.0 63.8 -56.1  18.7 63.2 -46.0 
 a10_ts5_e_4 ts5 12.0 69.7 -54.6  13.2 70.4 -44.4 
 a10_ts5_f_5 ts5 17.9 70.9 -55.0  18.4 72.2 -44.8 
          
 a10_ts3_f_14 ts3 12.4 79.6 -205.1  12.3 85.4 -225.5 
 a10_ts3_f_12 ts3 15.3 81.8 -204.7  16.5 85.5 -224.6 
 a10_ts3_f_2 ts3 17.3 86.9 -197.1  16.8 90.7 -216.6 
 a10_ts3_e_5 ts3 14.0 88.7 -201.2  14.9 92.4 -219.9 
          
          

9a 
+ 
1a 

Filename Path RC TS PC  RC TS PC 

 a9_ts5_2 ts5(RS) 6.4 83.2 26.4  2.0 73.8 22.6 
 a9_ts5_1 ts5(RS) 8.8 83.6 27.7  4.5 74.4 24.0 
 a9_ts5_4 ts5(SS) 8.3 87.7 30.0  4.0 77.4 24.5 
 a9_ts5_6 ts5(SS) 8.8 88.7 37.0  4.2 77.6 32.0 
 a9_ts5_3 ts5(SS) 8.1 90.5 36.0  3.9 79.3 31.1 
          
 a9_ts32_f_1 ts3(SR) 5.9 91.4 -143.4  2.7 85.8 -172.6 
 a9_ts32_f_2 ts3(SR) 6.8 92.7 -141.5  3.2 87.1 -170.1 
 a9_ts3_3 ts3(SS) 8.1 93.2 -160.1  4.0 86.0 -188.7 
 a9_ts3_6 ts3(SS) 5.3 94.1 -154.9  1.1 86.7 -183.4 
          
 a9_ts52_e_2 ts52(RS) 23.0 60.1 -184.2  19.1 54.3 -211.0 
 a9_ts52_e_1 ts52(RS) 22.1 61.1 -183.8  18.2 55.6 -210.8 
 a9_ts52_f_1 ts52(SS) 36.0 83.1 -23.8  31.1 78.4 -28.3 
 a9_ts52_f_2 ts52(SS) 37.0 83.6 -171.2  32.0 78.7 -198.6 
          
          

8c 
+ 
1a 

Filename Path RC TS PC  RC TS PC 

 c8_ts5_e_2 ts5(RS) 9.2 56.9 -9.4  5.6 46.9 -11.3 
 c8_ts5_e_3 ts5(RS) 11.0 70.7 -7.8  8.7 61.9 -10.1 
 c8_ts5_f_1 ts5(SS) 9.1 65.9 7.5  5.3 54.2 5.6 
 c8_ts5_f_3 ts5(SS) 13.5 77.5 14.4  9.7 67.8 12.2 
          
 c8_ts3_e_1 ts3(L) 7.5 63.5 40.4  5.1 54.6 24.4 
 c8_ts3_e_4 ts3(L) 7.6 69.4 50.6  6.6 60.4 34.5 
 c8_ts3_f_1 ts3(L) 6.2 71.2 65.7  4.1 61.2 52.9 
 c8_ts3_e_2 ts3(L) 7.8 72.9 43.0  5.8 67.2 26.7 
 c8_ts5_e_10 ts3(L) 7.6 69.4 50.6  6.6 60.5 34.5 
          
 c8_ts32_e_1 ts32  38.6 -180.2   22.0 -209.1 
 c8_ts33_e_6 ts32 34.6 38.6 -180.2  18.6 22.0 -209.1 
 c8_ts32_e_2 ts32 43.0 40.1 -182.2  26.7 23.0 -210.9 
 c8_ts34_e_6 ts32* 50.8 51.8 -160.4  34.6 38.2 -188.5 
 c8_ts32_f_1 ts32 65.7 66.5 -162.7  52.9 54.1 -191.2 
          
 c8_ts52_e_2 ts52(RS) -9.4 24.2   -11.3 15.9  
 c8_ts52_e_1 ts52(RS) -9.4 24.2 -165.8  -11.3 15.9 -192.4 
 c8_ts52_e_3 ts52(RS) -7.8 27.9 -202.1  -10.1 19.9 -227.7 
 c8_ts52_e_2 ts52(RS) 7.7 62.6 -162.4  5.7 55.3 -189.2 
 c8_ts52_e_1 ts52(RS) 14.4 63.3 -159.9  12.2 55.9 -186.8 
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12 
+ 
1a 

Filename Path RC TS PC  RC TS PC 

 a12_ts5_2 ts5 21.1 55.0 -39.0  17.6 45.7 -28.3 
 a12_ts5_14 ts5 14.2 57.0 -54.3  12.1 50.9 -42.3 
 a12_ts5_5 ts5 21.1 57.0 -39.0  17.6 48.4 -28.3 
 a12_ts5_3 ts5 21.5 58.5 -38.9  17.3 48.6 -28.5 
 a12_ts5_4 ts5 16.0 59.0 -53.0  14.7 52.2 -40.7 
 a12_ts5_15 ts5 16.1 60.3 -53.0  14.8 55.6 -40.7 
 a12_ts5_7 ts5 15.7 71.0 -53.9  12.0 64.7 -44.1 
 a12_ts5_17 ts5  82.8 -52.1   77.7 -44.1 
          
 a12_ts3_21 ts3 17.6 72.2 -194.3  13.9 62.7 -216.5 
 a12_ts3_22 ts3 17.6 72.6 -194.3  13.9 63.0 -216.5 
          
 a12_ts3_24 ts3(L)  76.9 68.8   66.6 55.9 
 a12_ts3_16 ts3(L) 20.8 79.7 70.1  17.2 69.0 51.6 
          
 a12_ts32_24 ts32 68.8 66.7 -190.9  55.8 54.0 -210.8 
 a12_ts53_2 ts32 69.8 71.0 -112.4  51.3 52.2 -128.9 
 a12_ts32_4 ts32 69.4 71.3 -110.0  52.5 53.3 -126.4 
 a12_ts32_1 ts32 70.1 72.2 -110.1  51.6 53.3 -126.6 
          
 a12_ts52_15 ts52(5) -53.0 21.0 -110.2  -40.7 18.4 -124.1 
 a12_ts53_5 ts52(5) -53.1 22.6 -109.3  -40.8 20.2 -123.2 
 a12_ts5c_5 ts52(5) -39.0 23.4 -109.5  -28.3 16.8 -125.4 
 a12_ts52_17 ts52(5) -53.0 23.4 -111.4  -40.7 20.8 -125.4 
 a12_ts52_2 ts52(5) -39.0 24.9 -110.1  -28.3 18.0 -126.1 
 a12_ts5c_7 ts52(5) -38.7 25.6 -109.3  -28.3 19.3 -125.2 
 a12_ts52_7 ts52(5) -53.8 28.4 -104.8  -44.1 26.3 -120.4 
          
 a12_ts53_4 ts52(L) -54.2 21.5 -33.7  -42.2 19.5 -41.8 
          
 a12_ts52_3 ts52(3) -38.9 27.0 -187.9  -28.5 20.6 -211.1 
          
 a12_TS_20_2 ts_20(3) -210.1 -48.8 -229.3  -229.5 -62.1 -249.8 
 a12_TS_20_5 ts_20(3) -199.1 -47.1 -225.0  -222.2 -63.1 -246.8 
 a12_TS_20_3 ts_20(3) -212.3 -45.0 -231.2  -231.9 -58.0 -251.1 
 a12_TS_20_7 ts_20(3) -199.5 -40.1 -223.9  -220.6 -55.0 -244.5 
          
 a12_TS_20_9 ts_20(5) -120.4 -43.2 -223.6  -137.3 -59.5 -246.2 
 a12_TS20a_11 ts_20(5) -120.3 -42.3 -224.2  -137.1 -58.7 -246.6 
 a12_TS20a_19 ts_20(5) -121.8 -20.0 -231.4  -136.6 -37.4 -251.7 
 a12_TS20a_21 ts_20(5) -118.7 -19.8 -222.2  -135.9 -38.1 -244.0 
 a12_TS20a_23 ts_20(5) -118.7 -14.4 -223.9  -135.9 -34.3 -245.1 
          
 a12_TS20a_18 ts_20(L) -65.6 -22.9 -222.8  -76.8 -38.7 -244.0 
 a12_TS20a_22 ts_20(L) -50.2 -9.0 -225.0  -58.9 -25.1 -247.3 
          
 a12_ts52_27 ts_18b -197.8 -4.6 -256.8  -221.9 -30.4 -270.9 
 a12_ts52_28 ts_18b -210.4 -2.0 -254.1  -230.3 -23.3 -267.5 
 a12_ts52_32 ts_18b -120.3 2.9 -256.9  -137.3 -21.5 -270.9 
 a12_ts52_24 ts_18b -123.9 6.0 -248.2  -141.2 -16.9 -265.4 
 a12_ts52_26 ts_18b -201.3 6.3 -250.8  -224.9 -18.8 -266.8 
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Table S9-7. [Table S9] Transition state (TS), reactant complex (RC) and product complex (PC) 
energies ( Hsol, kJ/mol) for the reaction of Michael acceptors (5a, 9a, 10, 8c and 12) with phenyl 
diazomethane 1a calculated at different levels of theory. 

System PCM(UA0,CH2Cl2)/(U)B3LYP-D3/6-31+G(d,p)  
PCM(UA0,CH2Cl2)/(U)B2PLYP-D3/Def2TZVPP 
//PCM(UA0,CH2Cl2)/(U)B3LYP-D3/6-31+G(d,p) 

5a 
+ 
1a 

Filename Path RC TS PC  RC TS PC 

 a5_ts5_2 ts5 -21.2 26.0 -107.9  -22.5 23.1 -101.1 
 a5_ts5_12 ts5 -20.0 27.6 -106.7  -21.6 24.8 -100.6 
 a5_ts5_4 ts5 -19.9 28.1 -106.8  -20.7 25.9 -99.4 
 a5_ts5_13 ts5 -17.0 30.6 -105.6  -18.5 28.2 -99.1 
 a5_ts5_19 ts5 0.1 45.2 -84.6  -0.7 42.5 -78.2 
 a5_ts5_10 ts5 3.3 44.1 -85.3  2.5 41.2 -78.2 
 a5_ts5_23 ts5 17.3 71.1 -71.8  17.2 70.2 -63.4 
 a5_ts5_11 ts5 14.1 70.8 -73.9  14.7 70.4 -65.9 
          
 a5_ts3_4 ts3  58.9 -227.6   57.1 -250.8 
 a5_ts3_13 ts3 -22.1 62.4 -223.5  -23.1 61.1 -246.1 
 a5_ts3_11 ts3 -26.9 59.9 -216.3  -28.2 57.7 -239.0 
 a5_ts3_1 ts3 -4.1 71.8 -204.4  -4.8 70.0 -227.3 
 a5_ts3_2 ts3 0.9 80.0 -197.3  0.3 77.8 -220.3 
          
          

10 
+ 
1a 

Filename Path RC TS PC  RC TS PC 

 a10_ts5_f_3 ts5 -24.3 7.6 -115.8  -23.0 7.9 -104.7 
 a10_ts5_e_1 ts5 -22.0 10.6 -113.7  -21.3 9.9 -103.5 
 a10_ts5_e_4 ts5 -27.0 18.0 -113.7  -25.8 18.6 -103.5 
 a10_ts5_f_5 ts5 -23.2 15.3 -114.7  -22.7 16.6 -104.5 
          
 a10_ts3_f_14 ts3 -24.2 27.6 -238.8  -24.4 33.4 -259.2 
 a10_ts3_f_12 ts3 -23.0 31.2 -239.3  -21.9 34.9 -259.2 
 a10_ts3_f_2 ts3 -19.8 35.4 -231.8  -20.4 39.2 -251.3 
 a10_ts3_e_5 ts3 -21.5 35.4 -231.6  -20.6 39.0 -250.3 
          
          

9a 
+ 
1a 

Filename Path RC TS PC  RC TS PC 

 a9_ts5_2 ts5(RS) -35.5 29.7 -32.3  -39.9 20.4 -36.1 
 a9_ts5_1 ts5(RS) -34.6 29.7 -32.1  -38.9 20.5 -35.9 
 a9_ts5_4 ts5(SS) -38.9 30.7 -31.6  -43.2 20.4 -37.1 
 a9_ts5_6 ts5(SS) -36.1 34.2 -27.4  -40.6 23.1 -32.3 
 a9_ts5_3 ts5(SS) -38.3 33.7 -27.6  -42.6 22.5 -32.5 
          
 a9_ts32_f_1 ts3(SR) -35.1 35.7 -180.1  -38.4 30.1 -209.2 
 a9_ts32_f_2 ts3(SR) -35.4 35.7 -179.5  -39.0 30.1 -208.1 
 a9_ts3_3 ts3(SS) -37.2 39.0 -189.8  -41.3 31.8 -218.5 
 a9_ts3_6 ts3(SS) -38.6 39.0 -190.0  -42.8 31.6 -218.5 
          
 a9_ts52_e_2 ts52(RS) -37.7 3.6 -213.1  -41.7 -2.2 -239.8 
 a9_ts52_e_1 ts52(RS) -37.7 3.5 -213.6  -41.6 -2.0 -240.5 
 a9_ts52_f_1 ts52(SS) -27.6 25.0 -54.9  -32.5 20.3 -59.5 
 a9_ts52_f_2 ts52(SS) -27.4 25.1 -203.6  -32.3 20.2 -230.9 
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8c 
+ 
1a 

Filename Path RC TS PC  RC TS PC 

 c8_ts5_e_2 ts5(RS) -38.8 2.6 -73.2  -42.4 -7.5 -75.1 
 c8_ts5_e_3 ts5(RS) -33.4 16.5 -69.3  -35.8 7.7 -71.6 
 c8_ts5_f_1 ts5(SS) -38.8 6.0 -58.1  -42.7 -5.7 -60.1 
 c8_ts5_f_3 ts5(SS) -34.0 19.6 -49.4  -37.7 10.0 -51.6 
          
 c8_ts3_e_1 ts3(L) -37.8 6.0 -13.3  -40.2 -2.9 -29.3 
 c8_ts3_e_4 ts3(L) -32.9 12.1 -8.1  -33.9 3.2 -24.2 
 c8_ts3_f_1 ts3(L) -39.5 10.8 8.8  -41.6 0.8 -4.0 
 c8_ts3_e_2 ts3(L) -36.4 17.3 -13.7  -38.4 11.6 -30.1 
 c8_ts5_e_10 ts3(L) -32.9 12.1 -8.1  -33.9 3.2 -24.2 
          
 c8_ts32_e_1 ts32  -15.7 -215.9   -32.4 -244.8 
 c8_ts33_e_6 ts32 -13.2 -15.7 -215.9  -29.2 -32.4 -244.8 
 c8_ts32_e_2 ts32 -13.7 -15.4 -216.4  -30.1 -32.5 -245.1 
 c8_ts34_e_6 ts32* -7.9 -4.3 -199.5  -24.1 -17.9 -227.6 
 c8_ts32_f_1 ts32 8.8 7.4 -202.4  -4.0 -5.0 -230.9 
          
 c8_ts52_e_2 ts52(RS) -73.2 -34.4   -75.1 -42.7  
 c8_ts52_e_1 ts52(RS) -73.2 -34.4 -205.6  -75.1 -42.7 -232.2 
 c8_ts52_e_3 ts52(RS) -69.3 -31.7 -233.5  -71.6 -39.7 -259.0 
 c8_ts52_e_2 ts52(RS) -58.1 3.9 -204.9  -60.0 -3.5 -231.7 
 c8_ts52_e_1 ts52(RS) -49.4 2.4 -203.4  -51.6 -5.0 -230.4 
          

12 
+ 
1a 

Filename Path RC TS PC  RC TS PC 

 a12_ts5_2 ts5 -29.7 -6.0 -109.4  -33.2 -15.4 -98.7 
 a12_ts5_14 ts5 -34.0 -5.4 -123.4  -36.1 -11.5 -111.5 
 a12_ts5_5 ts5 -29.7 -5.9 -109.4  -33.2 -14.6 -98.7 
 a12_ts5_3 ts5 -29.8 -4.2 -106.8  -34.0 -14.0 -96.5 
 a12_ts5_4 ts5 -31.8 -2.6 -121.4  -33.0 -9.4 -109.1 
 a12_ts5_15 ts5 -31.8 -2.7 -121.4  -33.0 -7.4 -109.1 
 a12_ts5_7 ts5 -37.9 4.2 -124.5  -41.6 -2.1 -114.7 
 a12_ts5_17 ts5  18.4 -121.1   13.2 -113.1 
          
 a12_ts3_21 ts3 -32.5 12.5 -235.3  -36.1 2.9 -257.5 
 a12_ts3_22 ts3 -32.5 12.5 -235.3  -36.1 2.9 -257.5 
          
 a12_ts3_24 ts3(L)  13.0 7.2   2.7 -5.7 
 a12_ts3_16 ts3(L) -28.1 15.9 8.6  -31.8 5.2 -9.9 
          
 a12_ts32_24 ts32 7.2 4.2 -233.0  -5.7 -8.5 -252.9 
 a12_ts53_2 ts32 8.6 9.6 -149.3  -9.9 -9.3 -165.7 
 a12_ts32_4 ts32 5.9 9.0 -149.4  -11.0 -8.9 -165.8 
 a12_ts32_1 ts32 8.6 10.5 -149.4  -9.9 -8.4 -165.8 
          
 a12_ts52_15 ts52(5) -121.4 -39.6 -153.4  -109.1 -42.2 -167.3 
 a12_ts53_5 ts52(5) -121.4 -40.5 -153.4  -109.1 -43.0 -167.3 
 a12_ts5c_5 ts52(5) -109.4 -40.4 -154.0  -98.7 -47.0 -169.9 
 a12_ts52_17 ts52(5) -121.4 -39.6 -152.9  -109.1 -42.2 -166.8 
 a12_ts52_2 ts52(5) -109.4 -39.4 -154.0  -98.7 -46.2 -170.0 
 a12_ts5c_7 ts52(5) -106.8 -39.5 -154.0  -96.4 -45.7 -169.9 
 a12_ts52_7 ts52(5) -124.5 -35.8 -155.6  -114.7 -37.8 -171.1 
          
 a12_ts53_4 ts52(L) -123.4 -40.3 -77.3  -111.4 -42.3 -85.4 
          
 a12_ts52_3 ts52(3) -106.8 -38.5 -232.6  -96.5 -44.8 -255.8 
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 a12_TS_20_2 ts_20(3) -228.7 -61.5 -244.1  -248.0 -74.8 -264.5 
 a12_TS_20_5 ts_20(3) -221.4 -65.1 -245.7  -244.5 -81.1 -267.5 
 a12_TS_20_3 ts_20(3) -234.8 -58.3 -242.7  -254.4 -71.3 -262.6 
 a12_TS_20_7 ts_20(3) -222.8 -59.0 -240.3  -243.9 -73.9 -261.0 
          
 a12_TS_20_9 ts_20(5) -140.4 -58.5 -242.3  -157.4 -74.8 -265.0 
 a12_TS20a_11 ts_20(5) -141.2 -58.5 -242.8  -158.0 -74.9 -265.2 
 a12_TS20a_19 ts_20(5) -139.2 -35.6 -242.7  -154.0 -53.0 -263.1 
 a12_TS20a_21 ts_20(5) -137.1 -39.8 -238.2  -154.3 -58.2 -260.0 
 a12_TS20a_23 ts_20(5) -137.1 -34.3 -240.3  -154.3 -54.1 -261.5 
          
 a12_TS20a_18 ts_20(L) -80.6 -40.8 -239.1  -91.7 -56.6 -260.3 
 a12_TS20a_22 ts_20(L) -72.2 -31.6 -245.7  -81.0 -47.7 -268.0 
          
 a12_ts52_27 ts_18b -220.3 -23.4 -271.8  -244.4 -49.2 -285.8 
 a12_ts52_28 ts_18b -234.3 -10.1 -268.3  -254.2 -31.4 -281.7 
 a12_ts52_32 ts_18b -140.4 -13.1 -271.8  -157.4 -37.5 -285.8 
 a12_ts52_24 ts_18b -139.8 -9.6 -260.9  -157.1 -32.6 -278.1 
 a12_ts52_26 ts_18b -223.2 -9.3 -262.8  -246.8 -34.3 -278.7 
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