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Preamble

We place ourselves in the context of the LCAO approx-
imation, meaning that we will use both the energy and the
shape of molecular orbitals (MOs). Depending on the case,
the relevant MOs:

- are given in appendix [C]

- are available on the vChem3D website, at the page
https://vchem3d.univ-tlse3.fr/vM MO-misc.html

- can be calculated with a Hiickel software program, such
as the HMO tool (click here for the online documentation])

Some of the MOs given in appendix[C are only 7 orbitals,
which are generally the most relevant for studying the react-
ivity of organic compounds with multiple bonds. These MOs
were obtained using the Hiickel method, a very simplified way
to solve the Schrédinger equation. Their energy is expressed
as a function of two parameters, noted « and 3:

e ag, usually simply named «, is the energy of the 2p
subshell of carbon. o ~ -11.4 eV

e Boc, usually simply named3, is related to the bond form-
ation energy of the ethylene 7 bond. 8 ~ -3.5 eV

These two parameters serve as references for all organic com-
pounds with 7 bonds, including those containing heteroatoms
(N, O, S, F, Cl) or atoms with an electron vacancy (B). That
is, the Hiickel energies of the @ MOs of any organic com-
pound are positioned relative to «, and their relative stability
is expressed using 3:

ax = Oé—‘rhxﬁ
Bxy = o+ kxyf

Warning! o, 8 <0

The m MOs of some compounds in these exercises are not
available in appendix [C] They can easily be calculated using
dedicated software. We will use HMO, which runs on Windows
and Linux. It is very easy to use. You simply need to draw
the topological representation, also called the o skeleton,
of the part of the molecule that contains a 7 system.
The HMO tool then solves the Schrodinger equation in the
Hiickel approximation and provides a graphical solution in the
form of a 7 MO diagram (see figure [L1)).

oo | N o | o | (o (a) (b)

Figure 1.1: (a) m molecular orbital diagram of the
butadiene molecule, computed using the HMO application;
(b) frontier 7 orbitals (HOMO and LUMO) of butadiene,
available on vChem3D. These were obtained using a signi-
ficantly more advanced method for solving the Schrédinger
equation than the Hiickel approximation.

Computational Exercise 1.1: nt MOs of

simple conjugated molecules

Use HMO to reproduce the energies and shapes of the frontier
7 MOs of some of the compounds listed in appendix [Ct

e ethylene

e allyl cation

e butadiene

e formaldehyde H,CO
e cyclohexene

In each case, analyze whether the HOMO and LUMO orbitals
are bonding, antibonding, or non-bonding.


https://vchem3d.univ-tlse3.fr/vM_MO-misc.html
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Computational Exercise 2.1: 7 Electronic
Structure of the Allyl Radical C3H?

We aim to determine the m molecular orbitals and their
energies using the Hiickel method. Compute the eigenvalues
of the corresponding determinant using the HMO software
tool.

1. Draw the energy level diagram ¢; for the ground state of
this m system.

2. Calculate the corresponding total 7 energy (E;).

3. Sketch the molecular orbitals. Indicate whether each one
is bonding, non-bonding, or antibonding.

Computational Exercise 2.2: The

Butadiene Molecule

Determine the m molecular orbitals and their corresponding
energies for the s-trans conformation of butadiene using the
Hiickel method.

1. Using the HMO software, calculate the 7 electronic struc-
ture of butadiene.

2. For each m molecular orbital, indicate whether it is bond-
ing, antibonding, or non-bonding.

3. Based on the calculated m bond indices, how would
you revise the conventional structural formula HoC=CH-
CH=CHy?

4. Compare the calculated 7 bond indices with the experi-
mental C—C bond lengths in butadiene:

L4 d(C_C)tcrminal =134 A
o d(C—C)central = 1.47 A

Discuss your results in comparison with typical C-C bond
lengths in ethane and ethylene (refer to appendix .

5. Estimate the conjugation energy and the bond dissoci-
ation energy.

6. Repeat the entire analysis for the s-cis conformation of
butadiene.

Exercise 2.1: Secular Determinants

Electronic Structure Calculation Using the Hiickel Method

l/\NiH \ /N:

— .
N-H
-

..N\/
(a) (b) im- (c) pyrid-
pyrrole idazole ine

Figure 2.1: Planar conjugated molecules.

Consider the molecules shown in Figure [2.1
We aim to determine their 7 electronic structure using the
Hiickel method. For this purpose, the secular determinant has

been constructed following the change of variable z = %3=.

1. Determine the total number of 7 electrons in each com-
pound. Justify your answer.

2. Consider the five secular determinants below, three of
which correspond to the molecules above. Identify which
determinant matches each compound.

x+05 1 0 0 1
1 z 1 0 O
A 0 1 2 1 0|=0
0 01 =z 1
1 0 0 1 =z
r+15 08 0 0 0.8
0.8 z 1 0 0
B: 0 1 =z 1 0 |=0
0 0 1 z+05 1
0.8 0 0 1 T
zr 1 0 0 0 1
1 2 1 0 0 0
01 =z 1 0 O
1o 01 21 0|70
00 0 1 = 1
1 0 0 0 1 z
r+15 08 0 0 0.8
0.8 z 1 0 0
D: 0 1 =z 1 0 |=0
0 0 1 = 1
0.8 0 0 1 =z
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Exercise 2.2: 7 Electronic Structure of
Formaldehyde H,CO

Determine the m molecular orbitals and their energies using
the Hiickel method. Relevant data from appendix [C] may be
useful.

a—e

1. Apply the variable substitution x = 7

2. Calculate the roots x; of the secular determinant, and
construct the energy level diagram ¢; for the 7 system
in its ground state. Compute the corresponding total 7
energy (E,).

3. Compute the molecular orbital coefficients, and deduce
the LCAO expressions for each orbital. Comment on
the relative magnitudes of the atomic orbital coefficients
within the LCAO expansions.

4. Provide schematic representations of the molecular or-
bitals on an energy diagram expressed in terms of «
and 3. Also indicate the approximate position of the
atomic orbitals. Specify whether each MO is bonding,
non-bonding, or antibonding.

5. Check your results with HMO.

Exercise 2.3: Stabilization of radicals by
substitution: captodative radicals

Captodative radicals!! (Figur) are carbon-centered
radicals featuring an electron-donating group (D) and an
electron-withdrawing group (A). These species are particu-
larly relevant in the context of radical polymerization.

R1
®c

R2
\\\R1
e+
(@) (b)

Figure 2.2: (a) Schematic of a captodative radical; (b)
Schematic representation of a radical as a singly occupied
molecular orbital.

’mfp
\A

In general, a radical is represented by a singly occupied
atomic orbital (Figure [2.2b), provided that R! and R? are
not conjugated with *HC.

We aim to understand, using the Hiickel method, the be-
nefit of such substitution compared to unsubstituted radicals,
such as 1 (Figure . To do this, we will compare then-
electronic structure of radicals 2,3, and 4, assuming a planar
geometry for all.

H\B—H H\N—H H\N—H
[ ] / [ / [ ] /
H ®HC HC HC
'HC/ \B— \N— \B—
\ / / /
H H H
(@1 (b) 2 (c) 3 (d) 4

Figure 2.3: *CH(R1)(R2) radicals.

1. Atomic orbital basis and 7 electrons.

(a) In radical 1, the CHs group participates in the =
system through a singly occupied 2p orbital per-
pendicular to the molecular plane. True or false?

(b) In radicals 3 and 4, the NHy group contributes to
the 7w system through a doubly occupied 2p orbital
perpendicular to the molecular plane. True or false?

(c) In radicals 2 and 4, the BHy group contributes to
the m system via a 2p orbital perpendicular to the
molecular plane. True or false? Complete the as-
sertion if needed.

(d) In radicals 1 to 4, the *CH group contributes to
the 7 system through a singly occupied 2p orbital.
True or false? Complete the assertion if needed.

(e) Based on the previous answers, determine the total
number of 7 electrons for each species.

2. Write the secular determinant for each species in terms
of the parameters a and .

3. Check with the HMO tool that diagonalization of the
Hiickel Hamiltonian provides the m-molecular orbital en-
ergies reported in Table 2.1]

2 | 3 | 4
e1 | a+0838 | a+2.128 | a+ 1.868
e | a— 0458 | a+1.378 | a+0.188
g3 | a—1288 | a—0.758 | a—1.128

Table 2.1: Hiickel molecular orbital energies for captod-
ative radicals 2, 3, and 4, as calculated with HMO, i.e. with
the Van-Catledge parametrization ¥,

Draw them-molecular orbital diagram of each species,
clearly indicating orbital occupancy.

4. Recall the expression used to calculate the total «-
electron energy of a molecule.

5. Calculate the totalm-electron energy of each species from
1to 4.

6. The atomization energy is a measure of molecular stabil-
ity. It is calculated as the difference between the energy
of the molecule E and the sum of the energies of its
constituent atoms E:

a:E_ZIEI
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whereE; for an atom I is calculated using the same
expression as the one recalled in Question For in-
stance, for ethylene with an energy of 2a + 23, its dis-
sociation energy is calculated as: F, = E — 2E(, that
is: B, = (2a+28) — 2(«a).

(a) Calculate the m-atomization energy of each species.
Check that you find the same energies as HMO.

(b) Discuss the relative interest of *CH(NH3)(BHz2)
compared to the other species.

Computational Exercise 2.3: Hiickel’s
Rule: Electronic Structure of Monocyc-
lic PolyenesC, H,,

These polyenes are assumed to be planar. Hiickel's rule is
stated as follows:

For even values of n, two cases are possible (k is a
positive integer):

1. If n = 4k, the molecule is an unstable open-shell
biradical and the HOMOs are non-bonding.

2. If n = 4k + 2, the molecule is a closed-shell
stable species and all occupied molecular orbitals
are bonding.

1. Compute the m-molecular orbital energies of polyenes ©
C,H,, for n =4,6,8,10,12 using an HMO software.

2. Draw the MO diagrams side by side and using the same
energy scale. ©

3. Do the conclusions regarding the filling of the =-
molecular orbitals agree with Hiickel's rule? Figure 2.4: (a) Boat-like conformation of the COT mo-

lecul H h | :
4. Calculate the conjugation energy for each system and ecule CshHs; (b) sandwich complex (CsHs)oCe

plot it as a function of n. Discuss your results in light of
Hiickel's rule.

Comment:

e A hydrocarbon is aromatic if it is monocyclic,
planar, and has 4k + 2 7 electrons.

e A hydrocarbon is antiaromatic if it is monocyclic,
planar, and has 4k 7 electrons.

5. Cyclooctatetraene (COT) CgHg is not planar. It adopts
the conformation shown in Figure [2.4a8. Is this result
surprising in view of the above conclusions?

6. COT can coordinate with a cerium atom (a lanthanide),
upon which it adopts a nearly planar geometryl5JEl The
resulting sandwich complex (COT)2Ce adopts the struc-
ture shown in Figure 2.4b. Given that lanthanides tend
to donate electrons upon coordination, deduce the oxid-
ation state of cerium in this complex.

2Note: This statement is somewhat debatable. A more cautious
formulation would be that the COT ligand tends toward planarity upon
complexation.
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A. Background

Application of FMO Theory: Structure and Reactivity

B. Molecular geometries

Background Knowledge Check 3.1: Reac-

tions under control

Exercise 3.1:
Bent?

Geometry of Hz™: Linear or

1. In a frontier-controlled chemical reaction, is the energy
change governed by the equation::

SQ
AE = — 1
A- (31)
or by the equation :
1 Qr,@r
AE = — 1222 2
4dme deRg (3 )

Justify your answer by commenting on the meaning of
each term in both equations.

2. What is the domain of applicability of the other equation?

3. Consider two competing frontier-controlled reactions:
reaction (a) : Ry + Ry — Pa
reaction (b) : Ry + R, — Pg

Given a better overlap between frontier orbitals in reac-
tion (a), AE,) > AEy). Which product is expected
to be preferentially formed? Would this be the kinetic
product or the thermodynamic product of the reaction?

Background Knowledge Check 3.2:
ophiles and Electrophiles

Nucle-

1. In a reaction between a nucleophile Nu™ and an electro-
phile E*, a lone pair of electrons is transferred.

Does this transfer occur from Nu~ — E* or from Et —
Nu?

2. In this type of reaction, typically only one dominant in-
teraction between frontier orbitals remains relevant.

Draw a schematic molecular orbital diagram and indicate,
using a double arrow, the predominant interaction—also
referred to as the “normal” electron demand.

We will use frontier molecular orbital (FMO) theory to de-
termine whether the H3™ ion adopts a linear or bent geometry.
To this end, we consider two hypothetical reaction pathways:
in one, the H™ ion approaches the H, fragment laterally (Fig-
ure [3.1p); in the other, the H™ ion approaches along the bi-
sector of the H-H bond (Figure 3.1p).

1. Recall the molecular orbitals of the Hy molecule.

2. According to frontier orbital theory, what governs the
selectivity of this reaction?

3. Which reaction pathway is preferentially followed?

H—H €H »I:H H H]-
(a)
"
: H "
Vo= /N
H— H——H
(b)

Figure 3.1: Ildealized reaction pathways for the hypothet-
ical reaction: H™ +H, — H3.

Exercise 3.2: Geometry of the Ethanal

Mbolecule

We aim to account for the relative stability of the staggered
(1) and eclipsed (2) conformations of ethanal in its electronic
ground state, using frontier molecular orbital (FMO) theory
(Figure 3.2).

The approach consists in formally splitting the molecule
into a methyl fragment and a CHO fragment, considering
a hypothetical reaction between the two, and analyzing the
interactions that arise between their frontier molecular orbitals

during this ‘reaction’ (Figure 3.3).
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Figure 3.2: Ethanal (a) staggered ; (b) eclipsed.

Note: A singly occupied HOMO generally has limited im-
pact on the course of a reaction. It is therefore advisable to
consider the HOMO-1 when analyzing frontier orbital inter-
actions.

i WA
? + ""'C\H — M?/C\H
Hoy
Hog e (Ii Heg 4
- C— R — ~~H
o7 H <
H H HH ,
Figure 3.3: Hypothetical reaction H3C + CHO —

H3CCHO (ethanal).

1. When several structural isomers are in competition, fron-
tier molecular orbital (FMO) theory can help rationalize
the greater stability of one over the others.

2. State the rule that allows prediction of which structural
isomer is the most stable.

3. Identify the unique symmetry element of the transition
state (TS) of this hypothetical reaction.

4. The relevant frontier orbitals of the CHO group are the
mco and & molecular orbitals.

(a) llustrate these two orbitals schematically and
briefly explain the relative magnitude of their atomic
orbital coefficients.

(b) Indicate their symmetry with respect to the TS sym-
metry element.

5. The molecular orbitals of the methyl (CH3) fragment are
given in Appendix [C|

(a) Identify the occupied and virtual orbitals.

(b) What is special about orbital ¢47 Relate this to the
Lewis structure of the methyl group.

(c) Analyze the symmetry of the CH3 molecular orbit-
als with respect to the symmetry element of the
transition state in the hypothetical CH3 + CHO —
CH3COH reaction.

6. Apply FMO theory to this structural problem in order to
draw a conclusion about the relative stability of the two
conformations.

7. Microwave spectroscopy shows that the eclipsed con-
formation is more stable than the staggered one by ap-
proximately 4 kJ-mol™®.

Can frontier molecular orbital theory account for such a
small energy difference between the two forms?

C. Chemical reactivity

Exercise 3.3: Selected cases of cycloaddi-
tion reactions

1. Draw the Lewis structures of the following compounds,
indicating any lone pairs or electron vacancies:
e butadiene
e benzene
e allyl cation (CsHs™)
o allyl anion (C3Hs)

2. For each of these species:

(a) draw the resonance hybrid if relevant.

(b) Discuss whether the compound belongs to a con-
jugated system, both:

i. in terms of alternating single and double bonds,

ii. and by explicitly showing the atomic orbitals
involved in the m-system.

3. Determine how many active 7 electrons participate in
each of the cycloaddition reactions shown in Figure

4. Using the generalized Woodward—Hoffmann rules®!
to predict whether each of the previous reaction is
symmetry-allowed under thermal or photochemical con-
ditions.

Exercise 3.4: Reactions of 1,3-Dienes with
Sulfur Dioxide

The concerted cycloaddition of sulfur dioxide (SO2) with
1,3-dienes such as butadiene, 1, leads to the formation of
compounds known as sultines, 2. It has been shown ex-
perimentally that the product of this reaction readily under-
goes retrocycloaddition, regenerating the starting materials.
A more favorable addition subsequently occurs, resulting in
sulfolene-type compounds, 3. The overall reaction pathway is
summarized in Figure [3.5

More generally, many dienes exhibit this same behavior
when reacted with sulfur dioxide, as illustrated in figure
It is typically observed that sultines form at low temperat-
ure, while increasing the temperature leads to sulfolenes due
to the thermal decomposition of sultines, according to the
mechanism shown in the figure.

1. Draw the Lewis structure of SO,. What is the VSEPR
geometry of the sulfur atom?
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Figure 3.4: [n + m] cycloadditions.

120°
| SO, ———
25°

3 1 2

Figure 3.5: Two possible reactions between sulfur dioxide
(SO3) and butadiene, 1. Compound 2: sultine; compound
3: sulfolene (adapted from referenceld).
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Figure 3.6: Various reactions between 1,3-dienes and sul-
fur dioxide (adapted from reference €l).

= i S/O
+ S0, =% | |
\ O

2. ldentify the type of reaction mechanism that leads to
compounds 2 and 3. Justify whether these reactions are
thermally allowed based on the number of m-electrons
involved.

Exercise 3.5: Diels—Alder Reaction:
supra-supra addition of ethylene to
butadiene

The supra-supra addition of butadiene to ethylene (figure
is a stereospecific reaction; the addition of a Z-alkene
leads to the formation of a syn product, whereas the addition
of an E-alkene leads to the formation of an anti product.

1. What do these results suggest to you? Justify your an-

-0

Figure 3.7: Supra-supra addition of butadiene to ethylene.

2. Recall and justify the approximation that governs the
stereochemistry of cycloadditions.

3. Recall the rules predicting the reactivity between two T
systems possessing n and m T electrons, respectively.

4. Recall the shape of the T frontier orbitals of ethylene.
Based on appendix [ indicate which are the frontier
orbitals of butadiene. Verify that you obtain the same
MOs using the program Huckel.exe.

5. We consider the approach of the two reactants in parallel
planes.

(a) What symmetry element is conserved throughout
the reaction?

(b) Apply the frontier orbital method to show that this
approach is favorable.

Exercise 3.6: Thymine dimerization in

DNA

The UV component of sunlight can damage DNA. The ma-
jor effect is the linkage of adjacent thymine dimers along
a DNA strand, leading to replication failure if the lesion is
not repaired. @1 The dimerization reaction is schematically
shown in figure One can also consult vChem3D) (page
macromolecules, PDB ID 1TTD) for the NMR NOE struc-
ture of a DNA decamer that has undergone this damage. 2

1. What type of reaction is this?

2. Why is this lesion so easily produced under UV irradi-
ation? Provide a simple justification.

Exercise 3.7:  Regio- and stereoselectivity
in a hetero-Diels—Alder reaction



https://vchem3d.univ-tlse3.fr/vM_Macromolecules.html
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Figure 3.8: Thymine dimerization in DNA.

This problem aims to analyze the Diels—Alder reaction
between the conjugated imine 1 and methoxyethylene 2 (see
Figure . Using a relatively simple molecular orbital ana-
lysis, the objective is to rationalize the regioselectivity and ste-
reoselectivity of this hetero-Diels—Alder reaction. This trans-
formation involves reactants that feature heteroatoms and
therefore extends beyond classical carbon—carbon Diels—Alder
chemistry.

NH H
V4 OMe N OMe
o —
Me Me
1 2 3

Figure 3.9: Réaction de Diels-Alder entre une imine con-
juguée et le méthoxyéthyléne.

Although this reaction could, in principle, lead to two dif-
ferent products depending on the orientation of the approach
between 1 and 2, only compound 3 is experimentally ob-
served. The regioselectivity of a reaction can be rationalized
by analyzing the frontier molecular orbitals (FMOs). Recall
that the preferred reaction pathway is typically the one that
maximizes FMO overlap.

Note: given four numbers such that 1 > A > a > 0 &
1>B>b>0, it comes: AB + ab > Aa + Bb

Molecular orbitals of methoxyethylene (2)

We will now examine the m molecular orbitals of compound
2. To simplify the analysis, we model compound 2 as the cor-
responding enol 2a, and perform a simple Hiickel calculation
on this model system.

AN

2a

OH

1. Complete the Lewis structure of molecule 2.
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(a) What is the geometry around the oxygen atom?
(b) What is the total number of T electrons?

(c) Which Hiickel description should be adopted for the
oxygen atom: one unpaired electron (Oe) or two
lone pairs (Oee)?

(d) Recall the sign convention for the parameter .

2. Solving the Hiickel secular equation for the enol 2a gives
the following T molecular orbital energies:

g1 =a+2.328
g0 = a+ 0.840
e3=a—1.078

(a) Sketch the T orbital energy diagram for 2a, indic-
ating the orbital occupancy in the ground state.
Identify the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular or-
bital (LUMO).

The normalized expression for the HOMO of 2a is
given below, and may prove useful in subsequent
questions:

mao = —0.32(2po) + 0.61(2pcr) + 0.73(2pcz2)
with the following atom numbering:

1
AN

(b)

(c)

c? OH

Sketch the qualitative shape of this orbital. Be sure
to reflect the relative magnitudes of the coefficients
accurately in your drawing. Specify the nature of
the interaction between atoms in this orbital, i.e.
bonding, antibonding, or nonbonding.

Frontier orbitals of the conjugated imine, 1

A Hiickel molecular orbital calculation provides the following
expressions for the HOMO and the LUMO of the conjugated
imine 1:

Mo —0.61(2pn) — 0.12(2pc1) + 0.54(2pc) +
0.5(2pcs) — 0.27mMe

gy = 0.52(2px)—0.52(2pc1 ) —0.23(2pc2 ) +0.64(2pcs ) —
0.1871’Me

where the atom numbering is:
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The corresponding Hiickel energies are: ego = a + 0.7158
et egy = a — 0.5583

1. What is the origin of the methyl group contribution in
these expressions?

Why has compound 2 been simplified into the model
compound 2a for this study?

Hint: refer to Tables[C.2] and page [}

Sketch the shape of both the HOMO and LUMO of com-
pound 1 based on the coefficients given by the Hiickel cal-
culation. Try to respect the relative sizes of the orbital
lobes. Discuss the bonding, antibonding or nonbond-
ing character of the interactions between atomic centers
within each MO.

Diels-Alder reaction

In this final section, we examine the Diels—Alder reaction de-
scribed at the beginning of the problem. This is a [4s+2s]
supra—supra cycloaddition. The frontier molecular orbitals of
compound 2 are assumed to be well represented by those of
the simplified model 2a.

1. Within the framework of frontier molecular orbital the-
ory, identify the primary orbital interaction that occurs
during this Diels—Alder reaction. Is it a normal or inverse
electron demand?

Hint: Analyzing the orbital energies may help clarify this.

. Given the two possible approaches of the reactants, pre-
dict the two possible regioisomers that could form from
this reaction.

Use the shapes of the interacting orbitals and the regi-
oselectivity rule provided in the appendix to rationalize
why only regioisomer 3 — in which the methoxy group
(OMe) ends up adjacent to the nitrogen — is experi-
mentally observed.

When the two reactants approach each other, one of the
two new o-bonds is expected to form more readily than
the other. Identify which one and explain why. Relate
this to the exclusive formation of regioisomer 3.

4. This cycloaddition proceeds via a concerted mechanism.

(a) What does the term concerted reaction imply in this
context?

(b) What is the stereochemical relationship of the Me
and OMe substituents with respect to the newly
formed ring plane? Justify your answer based on the
orbital symmetry and mechanism of the reaction.
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Reactivity of an imine towards nucleophiles

Consider now the imine 1a:

H\KNH
H
1a

The Hiickel energies of its T molecular orbitals are:
e1=a+ 1318
g =a—0.808

1. Which molecular orbital of the imine is likely to interact
with a nucleophile?

2. Would you classify this imine as more or less electrophilic
than formaldehyde (H,CO)? Justify your answer, using
the Hiickel model or the HMO software if needed.

Computational Exercise 3.1: Influence
of Electron-Donating and Electron-
Withdrawing Groups. Alder’s Rule

The objective of this exercise is to justify Alder's Rule,
which states that a Diels—Alder reaction (Figure [3.10p) is ac-
celerated when the diene is electron-rich and the dienophile
is electron-poor (Figure [3.10b). To this end, we will examine
prototypical molecules representing such substituent effects.

You will use a numerical Hiickel method to solve the secular
determinant, for example with the HMO program.

Before beginning the computational part, consider the fol-
lowing experimental data 3!

e The simplest Diels—Alder reaction, between ethylene and
butadiene, has a relatively high activation enthalpy of 27
kcal-mol . It requires elevated temperature and pres-
sure. Even at 200°C and under very high pressure, the
reaction yields only 18% of cyclohexene after 17 hours.

e In contrast, the reaction between butadiene and propenal
leads to 100% yield of the corresponding cyclic com-
pound (3-cyclohexene-1-carboxaldehyde) after 1 hour at
100°C.

D
SN aNt
N\ N\
(a) (b)

Figure 3.10: (a) Frontier molecular orbital diagram for
the [4s+2s] cycloaddition between butadiene and ethylene;
(b) Same reaction, with donor (D) and acceptor (A) sub-
stituents introduced to enhance the reaction rate.

1. Consider the supra-supra cycloaddition between
butadiene and ethylene (Figure [FIG:regle alder]a).

(a) Recall the Hiickel energies of the HOMO and
LUMO 7 molecular orbitals of each of these two
molecules. Use the HMO tool if needed.
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(b) Based on symmetry considerations, draw the fron-
tier molecular orbital interaction diagram that de-
scribes the reaction between these two reactants. Is
it a thermally accepted or forbidden reaction?

Consider now the substituent groups -OH, -CHO,
and -NH,. Indicate whether each group acts as a
7 electron-donating or T electron-withdrawing sub-

stituent.
(6]
Oy O\ 0 )J\
N7 N HE. cH
\ ] N\ /
HC=CH HC—CH
(a) (b)

Figure 3.11: Molecular structure of (a) maleic anhydride;
(b) cyclopentadienone.

2. Consider the following dienophiles:

e HC=CHR with R = H, OH, CHO, NHs,.
e the maleic anhydride molecule (Figure 3.11).

(a) Calculate their m molecular orbital energies.

(b) Compare the HOMO and LUMO energies of each
molecule. Based on your results, discuss whether
each compound can be classified as an electron-rich
or electron-poor dienophile.

(c) Deduce qualitatively how the HOMO and LUMO
energies evolve upon introducing a donor substitu-
ent. Discuss similarly for an acceptor substituent.

3. Consider the following dienes:

e H,C=CH-CH=CHR, with R = H, OH, CHO, NH,.
e the cyclopentadienone molecule (Figure [3.11p).

(a) Calculate their T molecular orbital energies.

(b) Compare the HOMO and LUMO energies of each
molecule. Based on your results, assess whether
each compound is an electron-rich or electron-poor
diene.

Deduce qualitatively how the HOMO and LUMO
energies change upon introduction of a donor sub-
stituent. Discuss similarly for an acceptor substitu-
ent.

4. Consider a diene substituted with electron-donating
groups and a dienophile substituted with electron-
withdrawing groups.

(a) Draw the frontier molecular orbital interaction
diagram, indicating the relative positions of the
HOMO and LUMO of unsubstituted ethylene and
butadiene.

(b) Based on your previous results, is the improvement
in orbital overlap (HOMO-LUMO interaction) more
significant than the increase in the energy gap?

(c) Link your orbital interaction diagram to Alder’s rule.

12

Computational Exercise 3.2: Nucleophilic
Addition to a Carbonyl Group

During a nucleophilic addition reaction, the carbonyl group
acts as an electrophile and reacts via its LUMO (lowest un-
occupied molecular orbital).

1. Use the vChem3D| (page “MOs and Electrostatic Poten-
tial|") platform to compare the electrophilic character of
the following compounds. Rank them in order of increas-
ing electrophilicity:

e an acid anhydride

an aldehyde

e a ketone

e an ester

e an amide

e an acyl chloride

2. Consider now the reaction between a nucleophile and
acetone.

(a) Suppose the nucleophile can approach from either
face of the carbonyl group and that its HOMO
(highest occupied molecular orbital) interacts with
the carbonyl LUMO. Is this reaction stereoselect-
ive?

There exists a preferred angle of approach, known
as the Biirgi-Dunitz angle.

Use frontier molecular orbital theory to determine

which of the three approach angles illustrated in
Figure 3.12]is the most favorable.

N

; Nu*
Ir,, :_ ll'\.\‘ — ___'_'_"_ —_
/C o /C—O Nu /C—O

Figure 3.12: Possible approach angles of a nucleophile
reacting with acetone.


https://vchem3d.univ-tlse3.fr/vM_MO-misc.html
https://vchem3d.univ-tlse3.fr/vM_MO-misc.html
https://vchem3d.univ-tlse3.fr/vM_MO-misc.html

CHAPTER 3. APPLICATION OF FMO THEORY

: STRUCTURE AND REACTIVITY

Exercise 3.8: Endo/Exo stereochemistry
in a Diels—Alder reaction

This [442] cycloaddition reaction is governed by frontier
orbital interactions, which typically favor the formation of the
endo stereoisomer when the diene is cyclic (see Figure [3.13).
If the reaction is allowed to proceed for a long time, equilib-
rium will eventually favor the exo product.

0]
o (0]
H o exo product
E>+ | o — +
H
fo) H 0]
(0]

endo product

(0)

Figure 3.13: Reaction of cyclopentadiene with maleic an-
hydride.

1. What are the kinetic and thermodynamic products of
this reaction? Justify your answer based solely on the
introductory text of this exercise.

2. Does the application of frontier molecular orbital theory
allow us to identify the kinetic product, the thermody-
namic product, or both?

3. Apply frontier molecular orbital theory to discuss the ste-
reochemical outcome of this reaction. Use the schematic
representations of the transition states shown in Figure
beginning by indicating the forming bonds.

B : 1t B : lE:
0 o)
| o o; 7
o (0]
exo TS - - ET endo -

Figure 3.14: Schematic transition states for the endo and
exo pathways of the Diels—Alder reaction.

13



MOLECULAR REACTIVITY THROUGH FMO THEORY AND THE HUCKEL METHOD

14



HMO ©

pyPROJECTS@MPC]\©©/

Theoretical Chemistry and Molecular
Modelling

Molecular Structure and Chemical Reactivity — Applications
of Frontier Molecular Orbital Theory

Appendices

2nd September 2025




MOLECULAR REACTIVITY THROUGH FMO THEORY AND THE HUCKEL METHOD




Periodic Table of the Elements

(992)
WNDURIME

11
€0l

L6VLL
wninain

n
L4

(1
uossauel

wﬁ
60
8Ll

(zzo)
uopey
uy
98

6C’LEL
Uoud)

9X
s

86L°€8
uoydAny

M
%€

876.6€
uobiy

v
8l

081°0C
uoaN

oN
0l

92007
wnijpH

SH
z

8l

(652) (852) (£52) (252) (152)
WNISCON  WNIABRPUBI  WNIWLID4 | WINUISISU  winiwiofe)
ON PN wij s3 ED)
ol 0L 0ol 66 86
wnidh  wRAL GRS wiiion wnshided
g\ wr 13 oH Aa
0L 69 89 L9 99
(v62) (€62) (062) (682) (982)
SUISSOUUSL LUNUOULIBAT|  WINIODSOI|  WINIAOJS]Y | WNIUGYIN
SL Al IN 14 UN
LLL 9Ll SLl 1415 €Ll
(012) (602) 86'80C T'L0T 8EY0T
aupelsy| wnjuojod  ynwsig pea] | wnijeyr
w od 19 qd 11
S8 8 €8 8 18
06'9ZL 09°£21 9L’LzlL LL8gLL 8Ll
auipor | wnunjaL|l Auownuy:! ull wnipup
I 9L qs us ur
€S 7S LS 0S 67
06'6L 126'8L [44) 74 0€9'CL €CL'69
aulwolg  WNIUIJRS 21uas.y || wniueuwsn wnijjen
19 oS SY 99 eo
S€ Ve €€ [43 LE
SP'SE 90°Z€ V46 0E 580'8C 786'9C
aulolyd any|ns  snuoydsoyq uodI|IS| wnuwnfy
12 S d IS v
Ll 9L Sl 14 €l
86681 666'SL L0071 LL0CL 18°0L
auuon|4 uabAxg  usboniN uogJed uolog
E| (0} N J 4
6 8 L 9 S
sanJadoud#/wod s|gerd//:sdny
suabojey suabodjey) suabopiug
Ll 9l Sl 14" €l

(L¥2) (L¥2) ((3724] (r¥2) %%Nv €0'8€C 70'LET
wnjaxag wnun)  wnpUaWy wniuoinjd wnumdaN ~ WNIUen  Wwnumeloid
¥8 w) wy nd dN n ed
6 % 6 6 €6 %6 16
€6'89L ST'LSL 96°LGL 9E°0S L (Sp1) iaud) 16071
wniqJal  wniuopes ~ wnidoin3  WNLBWeS  WNISWOd Wi N wniwApoaseld
qL PO n3 ws wd PN Ad
59 9 €9 29 19 09 65
7) (4:74] (182) (8£2) (LL2) (0£2) (692)
wnpiwado)  WNushUR0Y  Wnpeslueq  WNUBUYSIN  WINISSBH  winlyog E:_@omwm
u by sa N SH| ug S
41 LilL oLl 601 801 L0L 901
65°00C 16961 80561 f4ard1 €061 1Z'98L 78'€E8L
b:umw_z plo9 | wnune|d wnipup - wniwsQ  wniuayy  uasbung
H ny d I SO CL | M
08 6L 8L LL 9L SL VL
WLl L8°L0L 7’90l 16701 L0°LOL (86) S6'S6
wnjwpe) J9AIIS winipejled  WNIPOYY WINUSUINY  WNRAULDRL  WNUBPAAO
PD by pd uyy ny 31 oW
8y Iy 9 Sy b v 42
8€'59 97S'€9 €69'8S €€6'89 S¥8'SS 8E6'VS 966°LS
Julz Jaddo) IoX2IN 11eqoD) uoJ]  dsauebuely WINIWOIY)
uz n) IN 0) CE | U 1D
0€ 67 8z [z 9z (74 vz
X%
s |2 <

o S £ Sploupyy £ ©

a 49 ‘© © ©

c r] =

© ] = S 7]

o B>Na S, = 2 ., [BE

L IFBE 8| % &l @ = s [I=

2 §55|3/3%8 & S35 |8

= |2 gll[= (L2 ]| & ||sPleuetten) | = £ ||

e
T_EwE:oz_ m 7 NEEN _
4" Ll ol 6 8 L 9

0'ZET (L22)

wnuoyl  wniumy
yL v L

06 68

zl'opl L6'8EL
wnua)  Wnueypue]

ED) e1 9
89 LS
(892) (£92)

wnugng  wnpiopsy

qa N €01-68

S0l ol

S6°08L 6v'8LL
wnjeuel  wniuyey

el JH LL-LS
€L (44
9066 vZeLe 906'88
WNIGOIN ~ WINIU0dIIZ wnNUNA
dN 1Z A
34 ov 6€
2r6'0S L98'LYy 95677

wnipeues  WNIUe)]  WnIpueds

A 1L 3S

€C [44

umouNun .
seo [H] %
pinbr EW
~

(¥4

a|ge

(922)
wnipey

ey
88

EELEL
wnLeg

eq
95

79'L8
wnpuons

1S
8¢

8L0°0V
wnpje)

e

0z
wnspoy
g
zL

22106
wnyjkiag

°d
v

ybam
aweN

loquiAs

dlwoyy

[4

(€22)
wnpuesy

14
(8

L6'CEL
wnisae)

£0)
ss

8918
wnipiqny
qd

LE

860'6€
wnissejod

A
6l

06622
wnipos

eN
Ll

769
wniyp
n

€

800°L
uaboipAH

H
L



MOLECULAR REACTIVITY THROUGH FMO THEORY AND THE HUCKEL METHOD

ii



E Experimental data

The geometric parameters, dipole moments, and bond dis-
sociation energies of a few molecules in the gas phase are
compiled here.

All these quantities are taken from the Handbook of Chem-
istry and Physics 15!,

| Molecule | R | Dj

e Bond lengths (R ; T = equilibrium distance R.) in pm Na, 30797 | 70

(1pm = 10~ '2m). Ky 390.5" | 51

e Dipole moments (u) in debye, D. Rbo - 45

o _ : _ Sy 188.97 | 422

e Bond dissociation energies (BDE, Dg) in kJ mol~! at e 516,67 | 329
absolute zero. :

. T 255.7T | 2

BDEs are defined as the standard enthalpy change of 2 i 7T 56

the bond-breaking reaction (AB — A + B) : D = Cly 198-8T 239

ArH®(A) + AfH®(B) — A¢H® (AB). Br, | 228.17 | 189

In some tables (including the Handbook), dissociation lo 266.6" | 147

energies at 298 K are also provided, estimated using the

relation DS« — D + 3RT/2 (3RT/2 = 3.7 kJ mol-1  Table B.2: Homonuclear diatomic molecules from the
atT = 29?39}2)_ ’ /2 / third period of the periodic table.

| Molecule | R [ Dg

Ho 7417 T 432
Heg - 0.1
Li, 267.37 | 106
Beg - -

B, 1597 | 293

C, 124.27 | 603
N, 109.87 | 942

(O} 120.77 | 495 ‘ Molecule ] ] R ‘ Dg
Fo 14127 | 155 CoHg ethane 153.5 (CQ) 372
Ne, - 0.2 109.4 (CH)
. . . CoHy ethene 133.9 (CC) 729
Table B.1: Homonuclear diatomic molecules from the first 108.7 (CH)
and second periods of the periodic table. Cots i 120.3’r (CO) [ 961
106.07 (CH)

CgH1o cyclohexane | 153.6

CgHg benzene 139.9

Table B.3: Carbon-containing compounds.
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| Molecule | R | D§ | u
HF 91.77 | 566 | 1.83
HCl 12757 | 428 | 1.11
HBr 141.47 [ 363 | 0.83
HI 160.9T | 295 | 0.45

LiH 159.5T [ 234 [ 5.88
NaH 188.77 | 182 -
KH 224.47 1 171 -
RbH 236.7T | 163 -
CsH 249.47 [ 172 -

LiF 156.47 | 573 | 6.33
LiCl 202.1T | 465 | 7.13
LiBr 217.0T7 | 415 | 7.27
Lil 239.2T | 341 | 7.43

BO 120.47 [ 805 -

co 112.87 [ 1073 | 0.11
NO 115.1F | 627 [ 0.16
FO 135.87 | 218 -
Sio 151.07 [ 796 | 3.10
PO 147.67 | 595 -

SO 148.1T | 518 | 1.55
ClO 157.0T | 265 | 1.24

Table B.4: Heteronuclear diatomic molecules.
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Molecular Orbitals

A. Hiickel parameters

A.1 Streitwieser and Julg parameters
see Tables and

A.2 Van-Catledge parameters, used in HMO

see Tables [C 2 and [C4l
‘ Atoms ‘ n H o ‘ ﬁi]’
Boron 0 ap=a—0 Bes = 0.78

Carbon | 1 oac =« Bec = Symbol Expression for ¢; F, Ny
Oxygen | 1| ao=a+p feo =5 B[] a— 0453 1705 0
2|| ao=a+28 | foo =088 Ce o+ 0.003 1732 1
Nitrogen | 1 || an = a+ 0.5 Bon =6 Ne a+0.518 1393 1
2 || on=a+158 | fon =088 N: a+1.378 1583 2
Fluorine | 2 ap =a+ 306 Ber = 0.708 Oe a+0.978 0909 1
Chlorine | 2 acl = a+ 28 Becr = 0.45 0: o+ 2.098 0.942 2
Bromine | 2 || agpr =a+1.58 | Beer = 0.306 E- a+2718 0179 2
| Methyl [ 2 [ ame=a+28 [ Bome =078 Sie a+0.003 1732 1
Table C.1: Atomic «; et 3;; Hiickel parameters expressed E. Z ig;gg 1ggg ;

in terms of the atomic parameter « of carbon and the bond ) ' '
. i Se a+0.4603 0.962 1

integral 3 of ethylene ; n = number of electrons contributed )

. . S: a+1.113 1229 2
by the atom or chemical group (after Streitwieser 181). al o+ 1485 0321 2
Me: o+ 2.008 - 2
Br: a+ 1.508 - 2
Nte o+ 2.008 . 1
Ote a+ 2.503 - 1

Table C.2: One-center HMO parameters of Van-
Catledge. B!
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Atoms \ Bond | ay, Boq
Carbon-Carbon c=C ac =« Bec =B
Carbon-Oxygen carbonyle, C=0 gc i Z i 8§g Bco = 1.18

o= .
ether, C-0 aoo‘:C ot 8 Beo = 0.68
carboxylate gc - g B 822 Beo = 0.98
o=«a—0U.
Carbon-Nitrogen pyridine, C-N ax ica:+oz) 23 Bon =0
vynilamines, pyrrole C-N o fcajo‘l 45 Ben = 0.6
N — .
aniline oN_, =a+1.83
nitrogen derivatives o gca:—i—al 78 Ben = 0.6/
N = .
Carbon-Halogen C-F ap icaj_oé 78 Ber =B
ac =« o
c-cl o = o +1.78 Bcor = 0.66
ac =« _
C-Br oap = o+ 148 Bepr = 0.4
Nitrogen-Oxygen NO group gN - (O; I (I)Zg Bno = 0.98
o= .
ac, =a—0.173 _
Methyl® C,-CHs hyperconjugation ac =« %C“C __Ogg
ap, = —0.58 CHs) =

Table C.3: ax and Bxy integrals expressed in terms of the atomic parameter @ of carbon and the bond integral 5 of
ethylene (after Julgl?; t the parameters for the methyl group are taken from Streitwieser 181).

Ce B Ne N: Oe O: F: Sie Pe P: Se S: Cl: Me: Br: N+e O+e
Ce 1.00 073 102 089 106 066 052 075 077 076 08l 069 062 070 030 1.00 1.00
B[O 0.73 087 066 053 060 035 026 057 053 054 051 044 041
Ne 1.02 066 1.09 099 114 080 065 072 078 081 0.83 0.78 0.77
N: 0.89 053 099 098 113 089 077 043 055 064 068 0.73 0.80
Oe 1.06 060 114 113 126 1.02 092 065 075 082 084 085 0.8
O: 066 035 080 089 102 095 094 024 031 039 043 054 0.70
F: 052 026 065 077 092 094 104 0.17 021 0.22 028 0.32 0.51
Sie 0.75 057 072 043 065 024 0.17 064 062 052 061 040 0.34
Pe 0.77 053 078 055 075 031 021 062 063 058 065 048 0.35
P: 076 054 081 064 082 039 022 052 058 063 065 0.60 0.55
Se 081 051 083 068 084 043 028 061 065 065 0.68 058 0.52
S: 069 044 078 073 085 054 032 040 048 060 0.58 0.63 0.59
Cl: 0.62 041 077 080 088 070 051 034 035 055 052 059 0.68
Me: 0.70
Br: 0.30
N+e 1.00
O+e 1.00

Table C.4: kxy values of Van-Catledge. B! for the two-center Sxy HMO hopping integral.
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APPENDIX C. MOLECULAR ORBITALS

B. Huiickel @ MOs

The parameters used are those of F. A. Van-Catledgel®!
(Tables and [C4). For the carbon atom, one can usually
take « = -11.4 eV and 8 = -3.51 eV (the latter parameter is
adjusted to reproduce the energy of the observable m — 7%
transition in ethylene).

ethylene (CoH,)

H>,C—CH»
T a—f3
T a4+ B O_O
allyle (CsH5)
o g
H.C §CHg
™ a—+/28 o @o
o N © e )

1 Ot+\/§5 O/O‘O

butadiene (C,Hg)

//CH2
;IC—CH
H,e”
Ty o— 3+2\/55 o
3 a— 372\/55 C;}—@/()
T o+ 3;2\/55 do_ﬁ
m a+4/355 O

vii

cyclobutadiene (C4H,)

w03
e 53

cyclopentadienyle anion (C;H;)

fo

C/ \CH

\ 7

HC—CH
6 af@ﬁ
T4 Q_@ﬂ

T3 o+ \/gQ_Iﬁ

T a+ Y31
m a+ 268

trimethylene methane (C4H;)

[
C
H,C” “CHa
T4 oz—\/gﬁ O/%\O
T3 o ﬁ@
o o OJ\ @)

0

st OZ+\/§B
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e

s

T4

3

T2

1

benzene (CsHg) hexatriene (CsHsg)
c g
AN
Hclzl/ %(|:H HE™ ok,
HC.__~CH HO A
c H
H
zi::I —1.80 @
o 28 T B
a—pf ms o —1.2508 i:i-;
a3 i : my o —0.4508 i/:z
o+ B : 3 o+ 0455 z\/i[;
a _|_ 6 m T Q —|— 125ﬂ ®/®
o428 i: ™ a4+ 1.808 E:;
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maleic anhydride (C4H-053) C. Extended Hiickel MOs of
o O _0O
*c\/ \/c/ molecular fragments
HC=CH
O\m The valence molecular orbitals of the fragments are obtained
m a—1.758 using an extended Hiickel calculation. An extended Hiickel

calculation is a semi-empirical method used to estimate the

QC{Z@» : L
electronic structure of molecules by considering all valence
e o—1.228 orbitals and their interactions using empirical parameters. It
oL provides a qualitative picture of molecular orbitals, especially
@)/@ useful for analyzing bonding and reactivity through frontier
75  a—0.058 orbital theory. It's called extended because the method
includes all valence orbitals and their overlaps, not just T
electrons, allowing it to describe a wider range of molecular

ms  a+0.995 systems. The energies are given in electron volts (eV):

N :egs =-26.0 €V ; g9, =-13.4 &V

methyl (CH;)

O\ﬁo H:ey =-13.6 eV
73 a4+ 1.618 Ciegs =-214eV ;e =-114¢&V

m  a+ 1.778
methylene (CH) ﬁC
Hi HY 1,
™ a4+ 2.698 o
H2/
)? (Y2ld 35.8
2 05 88
g5 112
>:) w5 8.8
Y4 -11.4
}Q s -11.9
¥3 -12.3
2 @3 -16.7
Y2 -16.9
} s -16.7
¥1 -25.3
01 -26.0

ix
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m HMO software

Run Hiickel calculation (Ctrl-R)

Starts the Hiickel computation: solves MOs, charges, bond orders, and
descriptors. After entering an optional project name, the HMO Viewer
automatically opens to display MO diagrams and MO shapes. PNG export is
available.

4 Add a Formal Charge
'Q Applies a global formal charge to the molecule (default: -1). Click on the charge
label to modify its value (positive or negative).

"|

Show numerical results
Opens a window with MO coefficients, n-charges, and bond orders in tabular
format. MOs can be exported as plain text for further use.

0=

2 Show descriptors
17 % Displays ni-charges and m-bond indices as visual overlays on the sigma skeleton of
the molecule.

tl Save sigma skeleton (Ctrl-S)
(© Saves the current molecular structure to a .hmo file for future editing.

A Load sigma skeleton (Ctrl-O)
© Loads a previously saved skeleton from a .hmo file.

"Molecule builder (grid canvas)
- Click to-place atoms and global charges and draw bonds
_ The grid ensures accurate positioning

Undo last action (Ctrl-Z) or Redo last undone action (Ctrl-Y)
” Reverts the most recent change (i.e., added atom or bond or charge) vs Restores
the last undone step

CACR S A-d-dFs

Toggle erase mode on/off

"_ Click to enter delete mode: remove atoms, bonds, or charges one by one.
The icon shows a red background when active. Click again to return to edit
mode.

<8 pelete entire molecule (Ctrl-D)
Clears all atoms and bonds from the canvas (use with care).

Export results to PDF (Ctrl-P)
Generates a full report with sigma skeleton, MOs, and descriptors.

- Export data to spreadsheet (Ctrl-L)
@y Saves numerical data to an Excel file.

Iy Quit (Ctrl-Q)
Closes the application.

cuam®

About HMO (Ctrl-H)
Displays version info, author credits, and license.
Includes a direct link to the online documentation on Read the Docs

click here for the online documentation

Xl


https://hmo.readthedocs.io/en/latest/
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