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INTRODUCTION

The periodic table still provides guidance to
modern research (1-7) 130 years after its origi-
nal development.  It is of lasting and con-
tinuing value because it can include large
amounts of information about each of the
elements, with similar elements grouped,
and the groups are juxtaposed in order to
facilitate pattern recognition and differentia-
tion.  This in turn facilitates visualization,
retention, understanding, and use of the data
presented.  One very important function of
the periodic table in research has been as a
data organizer and systematizer.  It is not
merely a teaching device (such as flash
cards), a data holder (such as a lookup table),
or a calculation aid (such as a slide rule), al-
though the periodic table certainly can func-
tion in each of these roles.  It is well-known
that Mendeleev used his periodic table to
predict the existence of undiscovered ele-
ments.  In doing so, he charted known in-
formation in a highly systematic way, which
provided a map leading to exploration of
new territory.

Although the events have become leg-
endary, application of this technique to other
areas of chemistry is not one routinely re-
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ported.  However, it should be of great util-
ity in dealing with projects having a broad
range.  These projects could be sets with
many members, such as investigations en-
compassing many different elements, reac-
tions, mechanisms, etc.

Organic chemistry is often described as
a difficult discipline because there is such a
large amount of data to be learned.  Particu-
lar attention is paid to learning mechanisms
of the reactions, which often involve nucleo-
philes and electrophiles.  In order to facili-
tate pattern recognition and retention of
nucleophiles, electrophiles, and the mecha-
nisms describing their reactions, we devel-
oped a Nucleophile/Electrophile (Nu/E)
Reaction Guide (8-12) containing a page of
nucleophiles and a page of electrophiles,
grouped according to similarities.  The two
pages can be juxtaposed in order to visual-
ize the mechanisms of reactions of nucleo-
philes and electrophiles common to organic
chemistry and to facilitate remembering and
differentiating (a) the electrophiles and nu-
cleophiles, (b) the active site(s) in each, and
(c) the arrow(s) designating the flow of elec-
trons in the reaction of the two.  An addi-
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tional result of aligning nucleophiles and
electrophiles in order to visualize reactions,
was identification of potential reactions not
covered in the classroom.  Thus, just as in
the original development of the periodic
table, with the “holes” predicting undiscov-
ered elements, users of this guide quickly
identified potential reactions that had not
been revealed to them. Thus, the enterprise
led to a discovery that the organization and
systematization techniques applied to pre-
vious territories can also be applied more
universally, to aspects of organic chemistry.

However, reactions of electrophilic aro-
matic substitution (EAS) are somewhat more
complicated.  In order to make the data man-
ageable, most treatments apply some orga-
nization, such as categorizing the reactions
with respect to the patterns exhibited in the
mechanisms, and by the effects of the sub-
stituents in the aromatic compounds on the
reaction rate and regiochemistry.   However,
usually a separate reaction which provides
the active reagent must also be considered,
as well as the active site(s) in the reactant,
the active site(s) in the reagent, and stabiliz-
ing charge delocalization caused by induc-
tion, conjugation, or both, in the intermedi-
ate.  The multitude of variables in these re-
actions made it impossible to include EAS
reactions as an entry in the Nu/E Reaction
Guide.  Therefore, it was necessary to de-
velop a separate but similar organizational
device for EAS.

This manuscript presents an evaluation
of one hand-held device, the Nu/E Reaction
Guide for facilitating students’ understand-
ing of reaction mechanisms in organic chem-
istry. (9,10)  Future similar investigations are
planned for the EAS Tool.

I.   MEASURING EFFECT OF THE Nu/E
REACTION GUIDE

A.  Method
The participants were  enrolled in a first-

semester organic chemistry course for sci-
ence and engineering majors at a compre-
hensive public university.  The sample con-
sisted of 126 students; 63 were assigned to a
control group, 17 were assigned to out-of-
class device group, 25 were assigned to in-

class device group, and 21 were assigned to
use the device both in class and out of class
(Table 1).  Assignments were random, and
the course met for a total of 150 min/wk for
the 15-wk semester.  There were four differ-
ent groups organized according to device
use.  Group YY saw demonstrations of how
to use the device in class, mimicked the use
of the device in class, and then used it unsu-
pervised outside class.  Each student in an
in-class device group (Group YN) saw the
demonstration, mimicked the demonstra-
tion with a device, continued to use the de-
vice in class, but did not use the device out-
side class.  Each student in the out-of-class
device group (Group NY) saw demonstra-
tions of how to use the device in class and
then used the device unsupervised outside
class.  The students in the control group
(Group NN) did not use the guide at all.
Thus, the uses of the device by Group YY
would be a combination of those of the in
class group (Group YN) and of the out of
class group (Group NY) described above.

The experimental design is a posttest-
only control group design for both content
knowledge and problem solving.  The ques-
tions used in the posttest are given in Table
2.  A Control Unit Achievement Test (CUAT)
(13) showed that the groups were approxi-
mately equivalent in their chemical knowl-
edge before the treatment.  There were no
other variables in the groups, such as differ-
ent TA’s.  Periodic checks were made to in-
sure no use of the device by the Group NN
students through sharing with students from
other groups.

B.  Results and Discussion
The results from the Nu/E Reaction

Guide study are shown in Table 1, and the
test questions are in Table 2.  The questions
were designed to determine student knowl-
edge of various aspects of nucleophiles,
electrophiles, and reactions and/or mecha-
nisms involving nucleophiles and
electrophiles.  The percent correct response
for each test question for each of the sample
groups, Group YY, YN, NY, and NN (col-
umns 1-3 and 5), as well as for a weighted
average of all groups using the device in any
manner (column 4), is shown (Table 1).
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TABLE 1.  Data for use of the Nu/E Reaction Guide based on student responses.

                    Use of Nucleophile / Electrophile Reaction Guide
in and out in class out of class any use none

of class only only (wt. ave.) (control)
(YY) (YN) (NY) (YY, YN, NY) (NN)

Count 21 25 17 63 63

GPA 3.23 3.38 3.38 3.25

CUAT
score 66.1 69.8 62.8 66.4 66.8

control  score - 0.7 -3.0 4.0 0.4 0.0
group score

% correct
      Q1 66.7 76.0 70.6 71.4 66.7
      Q2 85.7 84.0 82.4 84.1 80.9
      Q3 57.1 80.0 82.4 73.0 68.3
      Q4 52.4 52.0 52.9 52.4 42.9
      Q5 90.5 76.0 76.5 81.0 61.9

Ave Q1-Q5 70.5 73.6 73.0 72.4 64.1

average Q1-Q5 71.2 70.6 77.0 72.8 64.1
w/CUAT correction

The CUAT scores for the groups, the last
row of entries in Table 1, indicate that there
was no difference between the three treat-
ment groups and the control group:  YY,
66.1%; YN, 69.2%; NY, 62.8%; NN, 66.8%.
The weighted average for all groups using
the device is 66.4%, almost identical to that
of the control group.

The average of the five questions for each
group is given in Table 1 (Ave Q1-Q5).  The
results are as follows:  Group YY, 70.5%;
Group YN, 73.6%, Group NY, 73.0%, Group
NN, 64.1%.  All three of the groups which
used the Nu/E Guide (Groups YY, YN, and
NY) performed significantly better than
those of the control group (Group NN), and
the weighted average of all groups using the
device is 72.4%.  Curiously, of the three
groups using the device, the group which
used the device both in and out of class
scored marginally lower than the other two.
The control group had the lowest average
score on every test question except one (Q3),
and in that one it had the next to the lowest
score.  Comments of some students using the
Nu/E Guide in List 1 indicate that the stu-

dents valued the device.
If the average results (Ave Q1-Q5) are

normalized by using factors obtained from
the CUAT scores (control score - group
score), the corrected averages (corrected av-
erage Q1-Q5) become Group YY, 71.2%;
Group YN, 71.2%; Group NY, 77.0%; Group
NN, 64.1%.  This analysis of the results
shows that Group NY shows the most im-
provement from use of the Nu/E Guide.  The
reason for this may be that the student us-
ing the guide only out of class, puts more
thought into determining how to use the
guide, and did not merely follow the dem-
onstration.  Therefore, these students learned
more from the independent effort invested.

II.  ELECTROPHILIC AROMATIC SUB-
STITUTION (EAS) TOOL

A prototype for such a device was cre-
ated and used in the classroom and de-
scribed at a national ACS meeting. (10)  It
was compared (11, 12) to a slide rule, because
it consists of two surfaces which slide against
each other with arrows to align in order to
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TABLE 2.  Test questions used for study of effect of the Reaction Guide upon learning.

1. Which is true of an electrophile?

A.  It has room in an orbital to accept a pair of electrons.
B.  It is pointed to by the head of an arrow in a reaction mechanism.
C.  Both of the above.
D.  Neither of the above.

2. Match the components of the reaction below to their descriptions.

A.  Nucleophile W B.  Nucleophile X
      Electrophile X       Electrophile W
      Product Y       Product Y
      Leaving Group Z       Leaving Group Z

C.  Nucleophile W D.  Nucleophile X
     Electrophile X       Electrophile W
     Product Z       Product Z
     Leaving Group Y       Leaving Group Y

3. Which of the following electrophiles reacts fastest with I- in an SN2 reaction?

4. Of those listed, the strongest nucleophile is:

A.  H2O B.  OH-            C.  NH2
-           D.  F-

5. In which of the following are both the reaction and the reaction mechanism drawn cor-
rectly?

A.   MeBr     B.  EtBr          C.          Br           D. Br

        H3N             +      Etl                             H3NEt   +  I-

            W                         X                              Y               Z

+
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pair reactants.  The device is similar to a slide
rule, but different as it also contains a great
deal of organized and systematized informa-
tion.  As a result of the comparison, (11, 12)
we received inquiries about the device from
universities, from business, but mostly from
industry.  Because of the apparent interest
in the device, we present a description of it
and of the application of the organization
and systematization techniques to EAS.

The device consists of two sheets of card
stock, presenting EAS data in an organized
fashion to facilitate pattern recognition and
retention.  One sheet can be placed over the
other in order to visualize the mechanism
between the substituted aromatic compound
selected and the chosen reagent.  On sepa-
rate pages, it gives two aspects of EAS and
then demonstrates interactively how these
aspects inter-relate.  The two aspects are:  (a)
the substitution itself, including the identity
of the electrophile, the reagent(s) needed to
generate it, and the substituent in the prod-
uct and (b) the electronic effects of the groups
in the aromatic compounds on the
intermediate(s) and the structure of the prod-
uct.

Sheet A (Figure 1) presents a discussion
of and a table of representative electrophiles,
the reagents needed to generate them, and
the general class of product obtained from
the reaction of each electrophile with an aro-
matic compound.  In the first column, the
electrophile (E or E+) undergoing attack by
the π-electrons of the aromatic compound is
listed.  Each electrophile in the “E or E+”
column has a head half of an arrow leading
from the side of the page and pointing to an
atom which is the reactive site in the
electrophile, usually the atom bearing the
highest amount of positive charge.  This
atom is the one to which the aromatic ring
will become attached.  In the second column
are the reagents which generate the
electrophiles in the first column.  The third
column lists the final product obtained by
treating the aromatic compound with the
reagent(s) in the second column.  On the
obverse of Sheet A are an introduction and
additional discussion, including definitions
of the aromatic ring positions relative to the
group in the reactant, and an explanation of

the four different types of electronic effects
caused by substituents in the aromatic reac-
tants.  These four different categories of elec-
tronic effects are (a) ERG (π-system) = Elec-
tron Releasing Group via the π-system, (b)
ERG (σ-system) = Electron Releasing Group
via the σ-system, (c) ECG = Electron Conju-
gating Group, and (d) EWG = Electron With-
drawing Group.

Sheet B bears a table consisting of col-
umns of information concerning EAS in gen-
eral.  Information is categorized with respect
to the type of electronic effects caused by the
substituents in the aromatic reactant; the
members and characteristics of each cat-
egory are placed next to each other to facili-
tate pattern recognition and thereby reten-
tion of the data presented.  The first column
contains a series of mono-substituted aro-
matic compounds as reactants categorized
according to the type of electronic effects
(defined at the bottom of the table) caused
by the substituent present.  Examples of sub-
stituents causing each type of electronic ef-
fect and a general description of its charac-
teristics are below each substituted aromatic
compound.  The arrow leading from the re-
actant molecule to E+ represents the electro-
philic attack of the π electrons upon the gen-
eral electrophile (the rate-determining step
of the reaction).  The second column has the
most stable resonance structure(s) of the
most-favored intermediate(s) of the reaction,
with arrows depicting electron withdrawal
or donation justifying why that intermedi-
ate is disfavored.  Since the position of the
C-E bond has been established by this point,
each intermediate leads logically to the ma-
jor product(s), which are given in the third
column.  The fourth column shows the dis-
favored intermediate, with arrows depicting
electron withdrawal or donation and justi-
fying why that intermediate is disfavored.

In order to consider the reaction of a spe-
cific electrophile with a type of aromatic re-
actant under the effects of its substituent(s),
it is necessary to juxtapose Sheet A and Sheet
B.  Bringing together the two reactants en-
ables one to visualize the mechanism of the
rate-determining step of a specific reaction
while considering and tracking all of the
variables involved.  Attack at each specific
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E or E+ is shown in the far left column of
Sheet A, with arrows leading to each from
the edge of the card.  Attack by the aromatic
compound upon a general electrophile E+
is shown in the left one-third of Sheet B, with
arrows leading from the aromatic compound
to E+.  Therefore, in order to visualize the
rate-determining step of a specific reaction,
place Sheet A over the right two-thirds of
Sheet B and align the head of the appropri-
ate arrow on Sheet A with the base of the
appropriate arrow on Sheet B.  The steps in-
volved in this process are (a) select the aro-
matic structure bearing the desired group
type, (b) locate the corresponding base half
of the arrow desired, (c) select the desired
reagent(s) to be used or the electrophile pro-
vided, (d) determine the corresponding head
half of the arrow desired, and (e) visualize
the mechanism leading to the correct
intermediate(s) by placing Sheet A over the
right two-thirds of Sheet B and aligning the
selected head half-arrow with the selected
base half- arrow.

Two examples demonstrating the use of
the EAS organization device to visualize the

mechanistic attack of the aromatic com-
pound upon the electrophile ( E or E+), lead-
ing to the intermediate and product with the
proper regiochemistry are given on the re-
verse of Sheet B in the device.  They are (a)
Friedel-Crafts acylation of a halobenzene
and (b) chlorination of phenol.  The latter
example is reproduced in Figure 1.

CONCLUSION

The effect upon learning brought about
by using a teaching device has been mea-
sured.  This device, the Nu/E Guide, con-
sists of two sheets of card stock, one with
nucleophiles, and one with electrophiles.
The student can visualize a reaction mecha-
nism by juxtaposing the two sheets in order
to line up the selected nucleophile and the
selected electrophile.  Analysis of the results
of the study shows that students using the
device outside of class scored higher on per-
tinent exam questions (77%) than students
not using the device (64%).  The reason for
this may be that students using the guide
only out of class, put more thought into de-

Figure 1.  Reduction of a portion of Sheet A of the device placed over two-thirds of Sheet B
in order to visualize the mechanism of the rate-determining step of the chlorination of phe-
nol.  The arrow halves are juxtaposed in order to show the flow of electrons; the arrow so
created in this example has been made bold.
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termining how to use the guide, and did not
merely follow the demonstration.  Therefore,
these students learned more from the inde-
pendent effort invested.

The success of the Nu/E Guide
prompted development of a similar device
dealing with electrophilic aromatic substi-
tution (EAS), called the EAS Tool.  To use
this new device, one sheet is placed over the
other in order to visualize the mechanism
between the substituted aromatic compound
selected and the chosen reagent.  Testing of
the EAS Tool is in progress.

REFERENCES

1. Gerothanassis IP, Kalodimos CG.  NMR
shielding and the periodic table.  J.
Chem. Ed. 1996; 73: 801.

2. Kildahl NK.  Bond energy data summa-
rized.  J. Chem. Ed. 1995; 72: 423.

3. Treptow RS.  The periodic table of atoms:
arranging the elements by a different set
of rules.  J. Chem. Ed. 1994; 71: 1007.

4. Fukui H.  Theoretical apects of spin-spin
couplings.  Nucl. Magn. Reson. 1993; 22:
138.

5. Allen LC.  Chemical interpretation: ba-
sis set use and the periodic table.  Can. J.
Chem. 1992; 70: 631.

6. Allen LC.  Configuration energy and
bond polarity.  J. Phys. Chem. 1993; 97:
5787.

7. Allen LC, Knight ET.  Electronegativity:
why has it been so difficult to define?
THEOCHEM 1992; 93: 313.

8. Nelson DJ.  A device for demonstrating
the basic patterns of reactivity of nucleo-
philes and electrophiles in organic chem-
istry.    Washington (DC): American
Chemical Society Proc. 40th American
Chemical Society Oklahoma
Pentasectional Mtg. Norman (OK) Paper
No. 40.; April 29, 1995.

9. Nelson DJ.   Nucleophile / electrophile
reaction guide for organic chemistry.
Sudbury (MA)  Jones and Bartlett; 1997.

10. Nelson DJ.  A device for visualizing the
mechanism and regiochemistry ration-
ales in electrophilic aromatic substitu-
tion.    Washington (DC):  American
Chemical Society, Proc. 215th ACS Natl.
Mtg. Dallas (TX) ORGN 126; March 29,
1998.

11. Stills S, editor.  “Slide rule” helps in
teaching electrophilic aromatic substitu-
tion.  From the ACS meeting.     Chemi-
cal & Engineering News; April 13, 1998.
p 47.

12. Gillham O.    Nelson: professor devel-
ops, markets teaching aid.   Norman,
(OK): The Norman Transcript; May 5,
1998. p 1A.

13.  Aldamash A.  Kinetic versus static com-
puter-generated visuals for facilitating
college students understanding of reac-
tion mechanisms in organic chemistry.
[Ph. D. Dissertation]. Norman (OK):
University of Oklahoma; 1995.  Available
from OU Library.

List 1.  Comments of organic chemistry stu-
dents using the Nucleophile/Electrophile
Reaction Guide.

“I think the Nucleophile/Electrophile Reac-
tion Guide is very beneficial in getting an
overall view of the course’s reactions.  It pro-
vides us with an easy method to figure out
the reactions in the course.”

“One of my big problems was visualization
of reactions.  The Nucleophile/Electrophile
Reaction Guide helped me to see where re-
active sites were on the different functional
groups.”

“The Nucleophile/Electrophile Reaction
Guide has helped immensely with my abil-
ity to learn and understand organic reac-
tions.  Although it does not give the detailed
mechanisms, the table is a great tool to learn
the fundamental reactions of Organic Chem-
istry.  The ability to visualize which nucleo-
philes will react with the electrophiles has
helped me build a foundation for my study
of organic chemistry.”

“The Nucleophile/Electrophile Reaction
Guide helped me see how all of the reactions
were interrelated and how there was a pat-
tern between the reactions.”

“I like the fact that the guide provides a con-
densed reference to facilitate learning the
reactions.  The sheets condense multiple
chapters of information, and thus make it
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easier to find a specific reaction.”

“The Nucleophile/Electrophile Reaction
Guide was very helpful in the respect of time
saving capabilities.  For instance, all
electrophile/nucleophile reactions which
can occur are readily available for examina-
tion on two sheets of paper.  One doesn’t
have to locate all reactions throughout the
text for this valuable information.”

“The Nucleophile/Electrophile Reaction
Guide allows students to see the various re-
action pathways that are possible.”

“Organic chemistry has so much memoriza-
tion.  This Guide has provided a system to
weeks of class material.”

“The use of the Nucleophile/Electrophile
Reaction Guide has made recognition of
such reactions quicker and simpler to under-
stand.”

“The Nucleophile/Electrophile Reaction
Guide has saved a great deal of time in
studying these types of reactions.”

“Nucleophile/Electrophile Reaction Guide
is a most valuable tool for chemistry stu-
dents.  It has been of great benefit to me, and
I’m sure it will be of great benefit to future
students.”

“The methods of study needed for Organic
Chemistry are often as difficult as the sub-
ject itself.  To quote a recent marketing cam-
paign, often “the system is the solution.”
Much of chemistry study is often finding
patterns or systems for understanding.  The
Nucleophile/Electrophile Reaction Guide
provides a system in a format that easily, as
well as expeditiously, provides one with a
system for effective learning.”
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