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Computational Investigations for Undergraduate Organic
Chemistry: Modeling Markovnikov and anti-Markovnikov
Reactions for the Formation of Alcohols

Rita K. Hessley†

Department of Chemistry, Rose-Hulman Institute of Technology, Terre Haute, IN  47803; Rita.Hessley@uc.edu

For the first course in organic chemistry in a setting that
stresses collaborative or interactive learning, the applications
of molecular modeling are many and they can be rewarding
for students and teachers alike (1). All students at Rose-Hulman
Institute of Technology have personal notebook computers.
Students majoring in chemistry or chemical engineering are
required to purchase PC Spartan-Plus molecular modeling
software (2) and it is used routinely in Organic Chemistry
in class, for out-of-class assignments, and in the laboratory.
In our experience students learn the various building and
computational setup processes readily, and even students who
transfer into the course during the term do not exhibit any lag
in participation or in performance after their introduction
to the software. We have found that introducing the use of the
software during the first laboratory session is a valuable use of
that time period. Previously the first lab session was used only
for desk assignment, consideration of the laboratory syllabus,
and safety training. In a 2–3-hour period students can build
structures and acquire some of the computational data that
will be used as the term progresses. This extended session gives
everyone a simultaneous opportunity to become familiar with
the software and gives the instructors insight about any needs
that arise for the class as a whole.

This paper describes how molecular modeling can be
used to illustrate the effect of structure on the electron dis-
tribution and the thermodynamic properties for 3 reactions
used to form alcohols from alkenes: acid-catalyzed hydration,
oxymercuration–demercuration, and hydroboration–oxidation.
It proposes that because molecular modeling promotes stu-
dents’ involvement in their learning and visualizes structure–
reactivity relationships, it is a valuable tool with which to
counter the common belief among students that memorization
is the best way to learn reaction mechanisms. The exercises
described here are assigned as homework about one day before
the in-class discussion. Students are encouraged to do the
modeling assignments together and to compare and pool their
data. They bring their computers to class and participate by
displaying their version of the structure under discussion and
contributing the relevant data from their computations. As
we tabulate data together and look for variations and any
“outliers”, I can easily move around the room to see that each
student has the assignment, and I can sense the extent of un-

derstanding from the discussions and questions that arise.
Because students must also deal with the interpretation and
application of computational data working alone on exams,
there is little concern that a few students are doing the actual
work and others just copying their files. Using more than one
example of any particular structural type permits students
to compare data for similar structures, and having several
students work with the same structure often exposes variations
and vagaries that arise in using the software. These include
building or computational setup errors and nuances of the
software itself, such as effects of molecular conformation on
the data (“local minima”). By using molecular modeling in
this way I am attempting to use the visual experience to
reinforce the notion that there are recognizable trends in
computed properties associated with observed structural features
and that taken together, these structures and properties govern
the progress of chemical reactions. Over and against my claim
that these relationships preclude any need for memorization,
students can see for themselves that even without my experi-
ence they are making the connections and drawing conclusions
long before they have had time to memorize.

Pedagogical Considerations

Reactions involving electrophilic addition to alkenes are
introduced, commonly, as the second major category of organic
synthesis reactions in a full-year organic chemistry course
(generally at the sophomore level), typically after reactions
using nucleophilic reagents, substitution, and elimination of
alkyl halides (3). Additions to alkenes illustrate important
syntheses for the formation of a carbon–oxygen bond (or a
carbon–halogen bond, using HX). Students’ ability to master
this material may vary as a function of academic major,
personal inclination toward chemistry, and skill of instruction.
However, there is anecdotal evidence that even at this early
stage of the course, the perception among students is that
successful completion of the course will depend in large part on
their ability to “just memorize” the growing set of complex
reactions, reagents, reactive intermediates, and mechanisms.
“Flash cards” for each reaction can often be seen sprouting
among students at about this point in the course.

Learning which reagents lead to Markovnikov chemistry,
which signal anti-Markovnikov, and what reaction site is the
“right” one are examples of the demands students face in
coming to grips with memorization versus conceptual under-
standing of a reaction mechanism. My approach to dealing
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with this is to try to provide sufficient exposure to the concept
of structure–reactivity relationships to convince students that
memorization is unnecessary and, in this particular instance,
to dissuade them from the entire notion of an anti-Markov-
nikov reaction. I avoid using that terminology in spite of its
common occurrence (3). I prefer to have my students under-
stand that the so-called anti- mechanism does not occur by a
process contrary, or opposite, to its companion reaction. Instead,
I emphasize acid–base, electrophile–nucleophile interactions
in a manner similar to that found in Eḡe’s text (3a). Those
concepts permit me to describe most mechanisms in terms
of a (relatively more) nucleophilic moiety interacting with a
(relatively more) electrophilic species. Since an alkene has two
C sites associated with the double bond, both seem equally
reactive. The structures of alcohols formed with each of the
reagents reveal that one reaction site is preferred. Students can
be drawn to see that the locus of the question about mecha-
nism is identified: What is the effect of the electrophile–
nucleophile interaction on the initial structure of the substrate
that leads to the observed products? This leads to the notion
that a sufficiently uneven distribution of electron density
between reagents produces one intermediate species that is
more thermodynamically stable than the alternative, result-
ing in the preferred (observed) product. This supports the
prediction regarding the regioselectivity for the reaction that
is borne out by experiments credited to Markovnikov.

Implementing Modeling

Electrostatics
For modeling the Markovnikov mechanism, I select

structures to illustrate primary, secondary, tertiary, benzylic,
and allylic carbocation sites. Students build and carry out
geometry optimization for each ion using the semiempirical
AM1-level computation (4) and map the electrostatic potential
onto the density surface. It is important to stress that the ∆Hf
values obtained do not agree with experimental values but
that the trends observed for a set of structures can be relied
upon to be indicative of the relative stability of the species,
and the reliability can be tested experimentally. The electro-
static potential map can be used to reinforce the concept that
electron delocalization promotes stability. For treatment of
the hydration reaction, propene is a suitable example for an
unsymmetrical alkene. Although other molecules may be
more interesting or have more practical appeal, computational
time increases markedly with the number of atoms in the
molecule (and with the number of computations being carried
out simultaneously) (1h).

Thermodynamics
Students refer to ∆Hf values to draw conclusions about

the thermodynamic stability of the primary and the second-
ary carbocation for this substrate. The electrostatic potential
map illustrates the greater electron density surrounding the
π system, and it helps me reinforce the notion that electron-
rich species react preferentially with electron-poor moieties.
I also use it to provoke discussion about the inductive effect
of the methyl group on the secondary cation site. These data
lead naturally to discussion of the nucleophilic character of
the π bond, the reactive center between an alkene and an
electrophilic reagent. For hydration we use the relative ∆Hf

values for 1° and 2° carbocations to postulate the most reac-
tive (“attractive”) site for protonation in the first step of the
reaction (hence the need for a proton catalyst to achieve hy-
dration, but not HX addition). Table 1 displays some typi-
cal data determined by this computation.

Conceptualization
As this exercise progresses students are actually developing

their own formulation of the Markovnikov rule (ideally with-
out yet reading it in the text); an articulation can be coaxed
out of the class that emphasizes electrophile–nucleophile
interaction and thermodynamic stability, regardless of what
reagents are used. This discussion also provides the necessary
tools so that students can be asked to formulate hypotheses
about what product(s) will form for any substrate that might
be provided them in lab for acid-catalyzed hydration (e.g.,
1-hexene, cyclohexene, or 1-methylcyclohexene). I use that
extension of this assignment as a prelab exercise. After com-
pleting the lab experiment students use their experimental
data on the identity of their product to draw conclusions
about the validity of their hypothesis and the reliability of
their theoretical data.

The oxymercuration–demercuration reaction is less
amenable for an undergraduate lab than is acid-catalyzed
hydration, so molecular modeling is especially useful for con-
veying this mechanism. First, students need to understand
that the reactive electrophile is the +Hg(OAc) species. If, as
in some textbooks (5), the reaction is described as involving a
“blocked carbocation” when the π electrons bond to the cation,
the exercise becomes a trivial example of the chemistry already
modeled in the previous example. However, the utility of the
molecular modeling program is that the alternative reactive
intermediate, the 3-center ring species analogous to the 3-
atom halonium ion, can be readily constructed and analyzed.
One good way to do this is to build the symmetrical 3-center
ion, optimize the geometry, and determine the ∆Hf value for
this structure as a reference. Two additional structures can
then be compared to that symmetrical reference structure.
In one, the C-1–Hg bond length, in the other the C-2–Hg
length, can be constrained at some arbitrary but logical, longer,
distance. This represents partial bond cleavage from one C
center or the other, approximating how electron distribution
in the electrophilic mercury–alkene complex might “shift” to
accommodate the nucleophilic water molecule.

Steric Considerations
In addition to illustrating how steric effects might in-

fluence the stereochemistry of this reaction, the structural
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modifications are reflected in the relative ∆Hf values. Differences
among some typical values shown in Table 2 are small, but
they do permit students to suggest that bond cleavage can
be predicted to allow developing positive charge to occur
preferentially at the 2° site, the predictable Markovnikov site.
Skeptical or industrious student can repeat the computations
using more widely varied bond lengths at one position and
more fully explore the impact of thermodynamic properties
on the progress of this reaction.

For the hydration reaction of an unsymmetrical alkene
with diborane followed by oxidative cleavage to yield the
alcohol, molecular modeling is equally applicable and useful
especially because the observed regioselectivity is opposite that
of the previous two reactions. This reaction is also modeled
easily using propene. Students can start the exercise without
any additional information other than that the BH3 moiety
does not dissociate (discussion of the monomer–dimer species
is optional). Although borane, BH3, is a trivial structure to build
using this software, it is useful to display the electrostatic
potential map and see that atomic charge values do show that
the hydrogen atoms bear greater electron density (Table 3).
This is also an excellent structure for introducing students
to molecular orbital displays. The LUMO for BH3 shows the
empty p orbital of the boron atom, emphasizing the electron
deficiency at that site. Students who recall Lewis structures
will recognize the electron-deficient character of the boron
atom even without computational data, and will be able to
suggest C-1–B or C-2–B formation for the first step. Once
the electrophilic site is identified, students sometimes assume
the mechanism is governed by the thermodynamic prefer-
ence for electron deficiency at C-2 by virtue of carbocation
formation, as previously. If experimental evidence for the con-
certed, syn, addition is introduced prior to the discussion of
the mechanism, carbocation formation is obviated but steric
considerations are not.

The use of molecular models for the various species
involved in this reaction is particularly helpful for reminding
students not to slip into the mindset that memorizing an
“exception” is called for. Whether the 4-center transition state
is emphasized (3c,f,g) or not (3a,h) can be determined by each
situation. Regardless of the amount of detail included in the
discussion, determination of ∆Hf values for either the 4-center
structures or the two –CH–C(BH2)– structures leads to the same
conclusion: the observed reactivity need not be explained as
an exception (“anti”-Markovnikov); it can be explained by
logical extension of the Markovnikov rule to include conditions
of partial, or tendency toward, electron deficiency. Table 3
shows some typical values obtained for this set of computations.
In addition to text examples to support the results of this
modeling exercise, laboratory experiments for both macroscale
and microscale experiments are available (6 ).

The computations involving BH3 do reveal another of
the nuances that arise in the use of molecular modeling. In
some texts (7 ) the tetrahydrofuran (THF)–borane complex
is shown as a fully charge-separated ion pair. The display of
the electrostatic potential mapped onto the density surface
for this structure does not show complete electron transfer.
A comparison of the maps and atomic charges of relevant
atoms for THF, BH3, and the THF–BH3 complex, does,
however, adequately support the claim that oxygen donates
electron density to the empty p orbital on boron (Table 3).
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Carbocation Formation

Finally, use of molecular modeling can aid in illustrating
carbocation rearrangements, a topic usually included in the
unit on electrophilic addition. Because students already know
about the relative thermodynamic stability of carbocations it
is pedagogically easy merely to assert that hydride or methyl
shifts govern the reaction by forming the more stable interme-
diate. However, having them construct a series of molecules in
which a transfer is partially achieved and note the trend in ∆Hf
values provides both visual and computational reinforcement
of the concept. Table 4 shows some typical data obtained for
the progress of the hydride shift using 3-methyl-1-butene.
This analysis may exceed the needs or the time constraints
of the class but can be assigned as out-of-class work. Alter-
natively, it can be exploited in situations in which students
are especially motivated to probe either reaction mechanisms
or applications of molecular modeling more deeply.

Conclusions

Taken as a whole, the instructional use of molecular
modeling of reaction mechanisms as early as possible in the
first course in organic chemistry seems to have very positive
results. Not only does it serve as an instructional tool, it may
allay many of the misconceptions and fears students have
about the subject matter. Computer modeling makes 3-
dimensional molecular structure visual and mobile in a
manner hand-held models cannot. But the use of imagery in
conjunction with group, or collaborative, learning is also
emphasized, so there is greater potential to achieve deeper
and more lasting understanding (1f, 8).

The opportunity for undergraduate students to compre-
hend organic chemistry is provided in a twofold way by the
use of molecular modeling. First and foremost, modeling
provides an effective explanation of the atomic (electronic)
underpinnings for what is otherwise “factual” information told
to students about the macroscopic world of chemical reactions.
Second, it gives them a sound, if limited, basis for making
their own predictions about chemical reactions they have not
yet seen. Equally important is the value of using modeling
for pedagogy at this level. Molecular modeling gives the

instructor a tool with which to focus students’ attention away
from memorization and toward solidly grounded structure–
reactivity relationships.
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