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ABSTRACT: Frederick Sanger’s early work on protein sequenc-
ing through the use of colorimetric labeling combined with liquid
chromatography involves an important nucleophilic aromatic
substitution (SyAr) reaction in which the N-terminus of a protein
is tagged with Sanger’s reagent. Understanding the inherent
differences between this SyAr reaction and other nucleophilic
substitution reactions (Syl and Sy2) can be challenging for
students learning organic chemistry. Here, both electrostatic
potential (ESP) maps and natural bond orbital (NBO) analyses
are employed to visualize and conceptualize Sanger’s key
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observation of the difference in reactivity between 2,4-dinitrochlorobenzene and 2,4-dinitrofluorobenzene. The utility of this
method is extended to compare the reactivity of a series of halobenzenes for SyAr fluorination, a widely used reaction in
pharmaceutical and medicinal fields. In combination with experimental results from the literature, the ESP maps and NBO
analyses are consistent with and provide excellent corroboration with the reactivity of different substrates toward SyAr reactions.
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H INTRODUCTION

Protein and peptide analyses, both heavily-used experimental
procedures in biochemistry and medicinal chemistry, possess
deep roots in fundamental organic and analytical chemistries.
With the development of electrospray ionization methods and
reduced costs for liquid chromatography mass spectrometry
(LC—MS), LC—MS has become the popular choice for amino
acid, peptide, and protein analysis.' > Before the advancements
in mass spectrometry, derivatization of amino acids and
peptides with chromophoric, fluorophoric, and electrophoric
tags were commonly used to achieve both increased sensitivity
and selectivity in the detection phase following liquid
chromatographic separation. Popular derivatization reagents
included 2,4-dinitrofluorobenzene (DNFB; Sanger’s reagent),”
phenyl isothiocyanate (Edman’s reagent),” ninhydrin,® dabsyl
chloride,” fluorescamine,® dansyl chloride,” and o-phthalalde-
hyde (OPA)."?

Sanger’s reagent is especially noteworthy for its role in the
structure elucidation of insulin, which resulted in the first of
two Nobel Prizes in Chemistry for Frederick Sanger.'' The
chemistry of Sanger’s reagent can be found in undergraduate
organic textbooks ranging from classical'” to modern texts."’
Sanger’s elucidation of the structure of insulin'* is also
discussed in biochemistry textbooks, with emphasis on the
landmark discovery that proteins have distinct amino acid
sequences.”” The fundamental chemistry of Sanger’s reagent,
nucleophilic aromatic substitution (SyAr),' has been discussed
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in many organic texts'” as part of an organic chemistry
curriculum. However, students often encounter some levels of
difficulty in understanding the reactivity of Sanger’s reagent
compared to other derivatives with similar composition and
structure. One example of this is in the difference in reactivity
between 2,4-dinitrochlorobenzene (DNCB) and DNFB toward
SNAr. An easy-to-use and convincing pedagogical approach is
necessary for teaching this interesting, yet challenging, SyAr
chemistry.

Sanger’s reagent bridges many important biological,
pharmaceutical, and medicinal applications through the
fundamentally important SyAr reaction mechanism in organic
chemistry. Understanding the reactivity of Sanger’s reagent and
the reactivity difference between Sanger’s reagent and its
derivatives toward SyAr reaction is an exciting starting point for
many students to learn mechanistic organic chemistry and how
it applies to the medical field. Though pedagogical tools for
electrophilic aromatic substitution have been mentioned in the
literature,"*™>* ways to help students understand SyAr
reactions have received considerably less attention.”>™*" In
contrast to other aromatic substitution reactions, such as
electrophilic aromatic substitution (e.g,, Friedel—Crafts acyla-
tion), SyAr requires a highly electron-deficient reaction center,
which is often the ipso carbon, that is directly connected to the
leaving group. The rate-determining step of the SyAr reaction is
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the attack of a nucleophile onto an electrophilic aromatic
carbon directly connected to the leaving group which is
normally a halogen or a nitro group (Scheme 1).

Scheme 1. Mechanism of SyAr Reaction”
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“EWG = electron-withdrawing group, LG = leaving group, Nu =
nucleophile.

The SyAr reaction is strongly influenced by the electron
density at the ipso carbon. Strong electron-withdrawing
substituents, such as nitro groups, attached at the ortho and
para positions to the ipso carbon will greatly reduce the
electron density on the ipso carbon and will activate it to the
nucleophilic attack. Though the leaving group is not directly
involved in the rate-determining step of the reaction, it does
affect the electron density of the ipso carbon at the reaction
center. Because bimolecular reactions require a strong pairing
of a nucleophile and an electrophile,'” it is important to
maximize the charge difference between these two elements of
the reaction. To assist students to understand these
fundamental principles associated with SyAr reactions, electro-
static potential (ESP) maps’” and natural bond orbital
(NBO)® analysis were used to visualize and conceptualize
the reactivity of Sanger’s reagent and the reactivity difference
between Sanger’s reagent and its analogues toward SyAr
reactions. On the basis of the latter results, a generalized
pedagogical approach into SyAr reactions is described based on
nucleoghilic aromatic fluorination.

ESP** and NBO™ calculations, used for a number of years as
a guide in synthesis and chemical reactivity, have gained
increased usage in recent years to augment chemical
education.”’ ™*® For example, NBO analysis was used to
understand the results from an iodochlorination of alkenes in
the undergraduate chemistry laboratory,”” and to clarify basic
structural concepts in both graduate and undergraduate organic
courses.”® Recently, the use of ESP maps was surveyed in 45
general and organic chemistry textbooks.”” Although questions
continue to be raised regarding the effectiveness of ESP maps
for chemical understanding, the use of computational methods
has increased dramatically in the chemical education arena. The
presence of ESP maps in chemistry textbooks at the
undergraduate level is becoming ubiquitous, and it is important
for students to understand how theory and experiment are
correlated through computational technology.

With the passing of Frederick Sanger in November 2013, we
also wished to present the ESP and NBO analysis results on the
SyAr reaction of 2,4-dintrofluorobenzene in honor of his life
and creative work, emphasizing his seminal work with DNFB.
These analyses also demonstrate to undergraduate students the
power of fundamental concepts and principles in real world
applications. This demonstration is also expected to encourage
students to learn the important fundamental concepts and
principles of mechanistic exploration through computational
methods that could assist them in their preparation to become
future problem solvers.

B COMPUTATIONAL METHODS

Electrostatic Potential (ESP) Maps

Density Functional Theory™® (DFT) with the B3LYP and 6-
31g(d) functional/basis set combination®' was used to generate
all images. Gaussian 09" was used for the numerical data
derived from a quantum mechanical analysis, and GaussView"
was used to process the data and generate ESP maps. Each ESP
map (unless otherwise specified) used consistent isovalues and
color scaling for related compounds. A typical calculation was
ran on four processors and completed within an hour.

Natural Bond Orbital (NBO) Analysis

Full NBO population analyses were done with Gaussian 09 and
GaussView software at the B3LYP/6-31g(d) level of theory,
and were performed at the same time as the initial geometry
optimization and subsequent generation of ESP data (see
Supporting Information for example input files).

B RESULTS AND DISCUSSION
1. ESP Maps

To make comparisons between different substituents on the
same carbon atom using ESPs, it is crucial to use the same
methodology to generate them, and then to use the same visual
parameters to generate the images. The DFT method with 6-
31g(d) functional/basis set combination provides an excellent
description of ground state organic compounds within a
reasonable amount of CPU time. Calculation of many small
organic molecules (for example, molecules shown in Figure 1)

ciololo

Figure 1. ESP maps (left to right) of benzene, fluorobenzene,
chlorobenzene, and bromobenzene. All maps used consistent surface
potential ranges (—0.015000 au (red) to 0.000010 au (blue)) and an
isovalue of 0.000400 au. Here, isovalue is the cutoff electron density
from the molecular calculations used to define the outer boundary of
the molecule.

can be done within a few minutes to an hour on a laptop
computer with i-7 CPU and 16 GB RAM, making these types
of calculations relatively accessible to instructors. Many other
computational programs, including the free GAMESS-US
program,”* coupled with a graphics program such as
MacMolPlt,* can accomplish the same goal with no associated
software purchase. These can also be performed on desktop or
laptop computers running any operating system, making them
potentially accessible to a wide range of instructors.

An ESP map is a representation where the electrostatic
potential at the molecular surface is indicated by colors. ESP
maps allow for an easy to understand visualization of the
distribution of charge in a molecule.*® Typically, the color
scheme selected for ESP maps designates red corresponding to
regions of high electron density and blue corresponding to
regions of low electron density, with yellow and green
intermediate levels."”** The color scale of electrostatic
potential is typically symmetrically distributed across the
surface potential range referencing a surface potential value of
zero as the center of the color scale; for example, pure red color
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represents a surface potential value of —0.01 au and a pure blue
color represents a surface potential value of 0.01 au. The color
scale is a relative scale that assists the visualization of the charge
distribution difference over the molecular surface. To
emphasize the charge distribution difference among similar
molecules, an unsymmetrical color scale of electrostatic
potential can be distributed across the surface potential
range; for example, a pure red color represents a surface
potential value of —0.0001 au and a pure blue color represents a
surface potential value of 0.05 au. In the former case, a pure
green color represents a surface potential value of 0 au;
however, in the latter case, a pure green color represents a
positive surface potential value of 0.02495 au, the midpoint
between —0.0001 and 0.05 au. ESP maps of monosubstituted
halobenzenes with an unsymmetrical color scale that helps to
visualize the charge difference on the ipso carbon and the
detailed charge distribution on halogen atoms are shown in
Figure 1. These maps are especially important to understand
halogen bonding in crystal engineering, although this halogen
bonding topic would only be appropriate for a graduate-level
course.

A comparison of the ESP maps for a series of halobenzenes
illustrates their value in the visualization of fundamental organic
chemistry concepts. Benzene shows a larger amount of electron
density in the center of the ring (indicated by the red shading),
and a lower amount at the hydrogen peripheries (indicated by
the blue shading). This is consistent with the large 7-electron
cloud induced by the aromatic system. Through this ESP map
comparison, the concept of electron density can be connected
to basic NMR principles, such as the deshielding of proton
signals at specific positions on the ring.’* The idea of
substituents affecting electron density within the ring is
illustrated by the introduction of fluorine, where there is a
significant reduction in electron density in the center of the ring
(as seen in size reduction of the red color region in the ring
area), owing to the high electronegativity of fluorine. When
compared to the ESP maps of chlorobenzene and bromo-
benzene, the ESP map of fluorobenzene shows a greater area of
red color region in the center of the molecule than that of
chlorobenzene and bromobenzene, indicating the -electron
density in fluorobenzene is greater than that of chlorobenzene
and bromobenzene. This observation clearly demonstrates the
7-donating property of the fluorine substituent in addition to its
o-withdrawing property. An additional feature is seen at the
side of the halogen opposite of the ring, represented by a green
band and a blue tip (for example, bromobenzene ESP map in
Figure 1). This indicates lowered electron density at this part of
the halogen, and can be explained and rationalized through
polarization of the p-orbital of the halogen atom. This orbital
polarization effect in large halides leads to halogen bonding
interactions in solid state structures, yet another principle to be
visualized with these ESP maps.*”** ESP maps can also be used
to explain meta versus para attack of electrophilic aromatic
substitution reactions.”'

Although ESP maps are very useful for illustrating
fundamental concepts of reactivity of organic molecules, the
use of ESP maps requires careful setup of the color scale
corresponding to the potential surface value to prevent a reader
from drawing misleading conclusions. First, the scaling and
color schemes of potential surface values are inherently
subjective, although governed by a loose convention.”” Color
schemes and scaling values may vary from different textbooks,
journal articles, or quantum chemical visualization programs,

which make ESP maps more a qualitative tool than an absolute
electronic representation of a molecular electronic structure.
Second, the results will be misleading if a consistent color scale
for surface potential and surface isovalue of the entire series of
molecules is not used, even if the same level of computational
theory is used to generate all the ESP maps in the same series
of molecules. To illustrate how misleading information could
easily occur, the ESP maps of the halobenzene series in Figure 1
were calculated with a different color scale of surface potential
for each individual molecule (Figure 2).

8838

Figure 2. Example of misleading ESP maps caused by using
inconsistent color scale of surface potential. Manipulated ESP maps
(left to right) of benzene (—0.021000 au (red) to 0.015000 au (blue)),
fluorobenzene (—0.010000 au (red) to 0.030000 au (blue)),
chlorobenzene (—0.170000 au to 0.020000 au), and bromobenzene
(—0.017500 au to 0.017500 au). Isovalue is 0.000400 au.

Figure 2 indicates that the fluorosubstitution increases rather
than decreases the z-electron density of the aromatic system
compared to benzene. This (misleading) result, which goes
against experimental experience and chemical intuition,
demonstrates the need for consistent scaling of surface
potential when comparing compounds with similar structure.
Furthermore, because of electronic structure differences
between benzene and hexane, for example, it is not feasible
to have a universal color scale to represent all surface potential
ranges for all types of molecules. Instead, it is important, when
illustrating substituent effects in the organic curriculum, to treat
organic molecules with similar carbon cores and hybridization
under the same conditions, i.e., color scale of surface potential
and isovalue, as failing to do so may inadvertently confuse
students.

2. Synergy of ESP Maps with NBO Analysis

The results obtained from a molecular orbital calculation do
not represent localized bonding well; as such, other methods
are needed to relate a wave function generated by quantum
chemical calculations to the bonding familiar to an organic
chemist.”> NBO analyses are an excellent tool to relate the
results of quantum chemical calculations to familiar concepts
such as Lewis structures and resonance.’® While there are other
methods to describe electron distribution numerically and to
perform population analysis, such as the Mulliken scheme,™*
NBO analysis offers the distinct advantages of being relatively
insensitive to basis set changes,’ and are often incorporated
into standard quantum chemical software packages such as
Gaussian or GAMESS-US. The insensitivity to the basis set
used in particular calculations allows an instructor to perform
quick calculations with small basis sets, and obtain quality
results that can be readily compared to illustrate the desired
chemical concept. Many graphical software interfaces permit
the inclusion of NBO data in a relatively simple manner, and to
obtain the data in tabular or graphical form with each atom
labeled with its corresponding NBO value. The sum of all NBO
values for each atom equals zero for a neutral molecule and the
whole charge of a charged species. A negative NBO value
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represents a partial negative charge, which is greater electron
density or electron rich at that atom relative to other atoms;
and a positive NBO value represents a partial positive charge,
which is less electron density or electron poor at that atom
relative to other atoms.

The strength of NBO analysis, along with the visual images
of ESP maps, is that together they help to remove the
subjectivity of color scheme choice by the program. Therefore,
in the study of halogen substituent effects in reactions involving
Sanger’s reagent, a combined ESP and NBO analysis approach
was used to visualize and quantify the data.

While ESP maps give qualitative visualization of relative
charge distribution, NBO analyses add synergy to ESP maps by
giving absolute values of partial charge located on a specific
atom in a molecule. These values can then be correlated to
resonance (Lewis) structures, one of the most important
concepts for students to grasp in organic chemistry. NBO
values calculated at the B3LYP/6-31g(d) level of theory of
halobenzene series (Figure 1) are in Table 1. While the color

Table 1. Calculated NBO Values for Monosubstituted
Benzene Molecules”

Substituent NBO Value of Substituent NBO Value of ipso Carbon
—-H 0.235 —0.235
-F —-0.335 0.419
—Cl —0.010 —0.043
—Br 0.051 —0.109

“Calculated at the B3LYP/6-31g(d) level of theory.

scale (red-green-blue) of ESP maps only represents the relative
charge distribution of the given molecule or a series of similar
molecules, it does not necessarily reflect the NBO charge value
of a given atom on a molecule. In other words, one could
change the color scale of ESP maps by changing the surface
potential values to make the color of a particular atom or
substituent more red compared to one in other molecules in
the same comparison series to enhance the visualization effect.

In benzene, the hydrogen on the ipso carbon has partial
positive charge of 0.235, while the ipso carbon has partial
negative charge value of —0.235, which is explained by their
differences in electronegativity and the inductive effects of
aromaticity on the charge distribution. In fluorobenzene, the
fluoro group is strongly withdrawing as indicated by a negative
NBO value (—0.335), and this results in the corresponding ipso
carbon having a positive NBO value (0.419). In chlorobenzene,
the magnitude of negative charge localized on the chloro group
(—0.010) is much less by an order of magnitude compared to
the fluoro group in fluorobenzene, and the ipso carbon shows a
partial negative charge (—0.043), though not to the extent of
benzene. Perhaps most counterintuitive in this series is that the
halide in bromobenzene is positively charged (0.051), and this
results in an ipso carbon with a larger negative NBO value
(—0.109) than that of chlorobenzene. ESP maps alone simply
show a visual trend, but the power in combining ESP maps with
NBO values is that it gives an exact reference and an explicit
value on charge distribution. Coupling NBO analysis with the
visual information present in ESP maps potentially permits
students to make connections between chemical structure and
reactivity of a reagent that either method alone would not
provide.

3. Applications to Nucleophilic Aromatic Substitution
Reactions

One application of the harmonious use of both methods is in
understanding, visualizing, and conceptualizing the reactivity of
Sanger’s reagent. Under basic conditions, the N-terminus of a
peptide (or a-amino group of an amino acid) attacks the
fluorinated ipso carbon of DNFB (Scheme 2) that results in a

Scheme 2. Reaction of Sanger’s Reagent

F< HN,Peptide
OxN RT O,N.
+ HyN—Peptide ———» + BH'F
B (mild base)
NO, NO,

chromophoric tag attached to the peptide or amino acid,
allowing for spectroscopic identification of the peptide or
amino acid. The nitro groups at the ortho and para positions
with respect to the fluoro group serve to facilitate the
nucleophilic attack on Sanger’s reagent.

Sanger wrote in a key paper on the use of this reagent in the
structure elucidation of insulin: “DNCB will not react with
amino-acids in NaHCOj solution unless heat is applied, and this
brings about a certain amount of hydrolysis of the protein.
Fortunately, however, the corresponding fluoro-compound, 2,4-
dinitrofluorobenzene (DNFB) was found to react readily at room
temperature, and the use of this has met with considerable
success..”* Here, NBO analyses and ESP maps were used to
understand the reactivity difference between Sanger’s reagent
and its analog DNCB. Simple analyses of NBO values and ESP
maps showed that, by having greater positive charge on the ipso
carbon, the fluoro-substituted ipso carbon was much more
reactive than that of its chloro- and bromo- analogues (Figure 3

and Table 2).
X, 0, O . L,
O,N NO, O,N NO, O,N NO, OoN NO,

DDHB W

Figure 3. ESP maps of (left to right) 1,3-dinitrobenzene, DNFB,
DNCB, and 2,4-dinitrobromobenzene. Surface potential ranges are
—0.015000 au (red) to 0.025500 au (blue). Isovalue is 0.000400 au.

2

The NBO values at the ipso position with respect to the
halogen illustrates that, of the substituents in this series, only
the ipso carbon containing a fluoro group has a positive charge.
Therefore, DNFB should be much more amenable to undergo

Table 2. Calculated NBO Values for 2,4-Dinitrosubstituted
Halobenzene Molecules”

Substituents NBO Value of Substituents NBO Value of ipso Carbon
—-H 0.280 -0.186
—F —0.287 0.471
—Cl 0.092 —0.026
—Br 0.167 —-0.099

“Calculation was done at the B3LYP/ 6-31g(d) level of theory.
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Figure 4. ESP maps and NBO values for a series of para-substituted chlorobenzenes.

an SyAr reaction at room temperature, matching the
experimental observations by Sanger.

The same approach was used to explain how a substituent on
an aromatic substrate can affect the SyAr reaction, in general,
with nucleophilic aromatic fluorination of haloaromatics or
nitroaromatics. The ESP maps and corresponding NBO
analyses results for a series of para-substituted chlorobenzenes
are shown in Figure 4. Experimental results (Scheme 3) show

Scheme 3. Nucleophilic Aromatic Fluorination Reaction”

Cl F
Fluoride
—
salts
R R

“EWG, electron withdrawing groups; EDG, electron donating groups

R = EWG, Good yield
R=H, No reaction
R =EDG, No reaction

that a nucleophilic fluorination reaction only occurs for those
chlorobenzenes with strong electron withdrawing substituents
(e.g, CN) on the para-position.””*® Chlorobenzenes without
electron-withdrawing substituents or with electron-donating
substituents (e.g, NH,) do not undergo nucleophilic aromatic
fluorination even with the most active nucleophilic ﬂuorinatin%
reagent, anhydrous tetrabutylammonium fluoride (TBAF,,).
The ESP maps in Figure 4 clearly show the electron density
difference at the ipso carbon with NO,-substituted chlor-
obenzene displaying the least negative charge and the ipso
carbon with NH,-substituted chlorobenzene displaying the
most negative charge. The NBO values of the ipso carbon show
the same trend as ESP maps. The calculated NBO values for
ipso carbon also correlate linearly with the Hammett sigma para
parameters with an R* value >92% for linear fitting. Since
nucleophilic attack is the rate-limiting step of the SyAr reaction,
the reaction will proceed faster for those aromatic compounds
with strong electron withdrawing substituents, whereas the ipso
carbon possesses relatively lower negative, if not positive,
charge.

One facet that must be stressed in examining reactivity using
combined NBO and ESP analysis is that these are not true
kinetic parameters, and other factors, such as stabilization of the
transition state thr0u§h leaving group orbital interactions, may
be more relevant.””>° However, the utility in using ESP maps
along with NBO values at least provide plausible explanations
for experimental observations. It is also important to note that
coloring on ESP maps is subjective, and NBO values are often
atom-centered and cannot show all of the intricacies
immediately available through a simple visual analysis of an
ESP map. Therefore, a combined approach provides benefits to
potentially allow students to see multiple facets of chemical
reactivity at a glance.

A preliminary study was done on the effectiveness of using
combined ESP maps and NBO analysis on a small number (33)

of students divided into three different sections. Two sections
of students (21) were completing a full year of organic
chemistry, whereas one section of students (12) had not taken
organic chemistry at this time. Each student was provided
information on Sanger’s reagent and its use for derivatizing
amino acids. They were also provided information from
Sanger’s original paper (vide supra) in terms of the
observations of DNFB versus DNCB reactivity. Half of the
students were provided additional information in the form of
ESP maps and NBO values. Each student was then given four
multiple choice questions regarding the reaction. Students
without prior organic chemistry instruction, and who were
provided the ESP maps, scored on average one question better
out of four questions versus those without the ESP maps (2.9
with ESP maps out of 4 questions versus 2.3 without ESP maps
on the 4 questions). The other students who had completed
organic chemistry scored essentially the same whether they
were provided the ESP maps or not. Interestingly, those with
the ESP maps and organic chemistry experience were distracted
by the ESP maps on a question regarding steric hindrance and
incorrectly answered that steric hindrance, rather than
electronic effects, was the reason for differences in kinetics
between DNFB and DNCB.

The effectiveness test on teaching students organic chemistry
using this combined ESP maps and NBO analysis method
requires a systematic approach with student numbers in lecture
sections large enough for good statistical analysis. The number
of students and sections involved in our test was too small to
properly assess the value of using ESP maps and NBO analysis.
Further assessment of this combined teaching method is
needed to reach reliable measurements on the method’s
effectiveness.

B CONCLUSION

Through an analysis of the reactivity of Sanger’s reagent toward
SNAr reaction and the reactivity difference between Sanger’s
reagent and its analogue 2,4-dinitrochlorobenzene, the
usefulness of a combined ESP maps and NBO analyses in
teaching SyAr reaction was successfully demonstrated. Further
discussion on nucleophilic aromatic fluorination reaction shows
a broader impact of this combined computational approach in
organic chemistry teaching. The importance of using consistent
color scheming when referencing ESP maps of a series of
similar molecules was also demonstrated. Modern computer
hardware, freely available quantum chemical calculation
software, and visualization software together made possible
that such approach can be done on instructors’ own desktops
or laptop computers within minutes. Using NBO analyses,
along with the visual ESP map representations, demonstrates a
powerful, yet very practical approach to teaching fundamental
organic chemistry.
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