Davip H. SILVER



BEYOND POPULAR SCIENCE
David H. Silver

https://www.openbookpublishers.com

© 2026 David H. Silver

This work is licensed under the Creative Commons Attribution-NonCommercial 4.0 International
(CC BY-NC 4.0). This license allows you to share, copy, distribute and transmit the text; to adapt
the text for non-commercial purposes of the text providing attribution is made to the authors (but
not in any way that suggests that they endorse you or your use of the work). Attribution should
include the following information:

David H. Silver, Beyond Popular Science. Cambridge, UK: Open Book Publishers, 2026,
https://doi.org/10.11647/0BP.0526

Further details about CC BY-NC licenses are available at
https://creativecommons.org/licenses/by-nc/4.0/

Copyright and permissions for the reuse of many of the images included in this publication differ
from the above. This information is provided in the captions and in the list of illustrations. Unless
otherwise stated, figures are reproduced under the fair dealing principle. Every effort has been
made to identify and contact copyright holders and any omission or error will be corrected if
notification is made to the publisher.

All external links were active at the time of publication unless otherwise stated and have been
archived via the Internet Archive Wayback Machine at
https://archive.org/web

Digital material and resources associated with this volume are available at
https://doi.org/10.11647/0BP.0526#resources

ISBN Paperback: 978-1-80511-877-0
ISBN Hardback: 978-1-80511-878-7
ISBN Digital (PDF): 978-1-80511-879-4
ISBN HTML: 978-1-80511-881-7
ISBN Digital ebook (epub):  978-1-80511-880-0
DOI: 10.11647/OBP.0526

Cover image by Enny Silver and David H. Silver
Cover design by Jeevanjot Kaur Nagpal


https://www.openbookpublishers.com
https://doi.org/10.11647/OBP.0526
https://creativecommons.org/licenses/by-nc/4.0/
https://archive.org/web
https://doi.org/10.11647/OBP.0526#resources

Orbital Affairs



Top (Thermal Electrocyclic
Reaction): The ring closure
proceeds under heat via disrotatory
motion. The HOMO is 3,
antisymmetric, so disrotation
preserves bonding overlap.
Constructive phase alignment
yields product—shown by
successful hand-holding of upper
dancers.

Second (Forbidden Thermal
Reaction): Conrotatory motion
under thermal conditions disrupts
orbital overlap. Despite
symmetrical movement, bonding
fails—dancers miss connection.
Third (Photochemical
Electrocyclic Reaction): After
photoexcitation, the HOMO
becomes 1), symmetric. Now
conrotatory motion preserves phase
alignment. The dancers execute a
stable hand-linked ring—reaction
proceeds.

Bottom (Forbidden
Photochemical Reaction):
Disrotatory motion with 1, breaks
symmetry—bonding fails. The
dancers’ hands miss again. Only
one mode is symmetry-allowed per
excitation condition.




Orbital Affairs

The Woodward-Hoffmann rules establish how mathemat-
ical symmetry conservation governs chemical reaction path-
ways at the quantum level. In pericyclic reactions, the sym-
metry properties of molecular orbitals—represented by wave
functions with specific nodal patterns analogous to trigono-
metric functions—must be conserved throughout the reaction
coordinate. This conservation requirement creates selection
rules that determine allowed stereochemical outcomes. The
symmetry constraints differ fundamentally between thermal
and photochemical conditions, as light excitation inverts the
orbital symmetry relationships, thereby enabling reaction
pathways forbidden under thermal conditions and vice versa.

WOoODWARD-HOFFMANN RULES o ORBITAL
SYMMETRY o PERICYCLIC REACTIONS o MOLECULAR
ORBITALS o THERMAL VS PHOTOCHEMICAL o ELECTROCYCLIC
REACTIONS o CYCLOADDITIONS o DIELS-ALDER
REACTION o RETINAL PHOTOISOMERISATION o QUANTUM
CHEMISTRY o SYMMETRY CONSERVATION

“Coming back to where you started
is not the same as never leaving”

— Tiffany Aching, Year of the Signifying Frog, AM 2008
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Orbital Affairs

Roald Hoffmann was born Roald Safran in Zloczéw, Poland, in 1937. When he was five,
his father Hillel smuggled him and his mother out of a Nazi labour camp. A Ukrainian
neighbour, Mykola Dyuk, hid them for eighteen months in the attic and storeroom of
a local schoolhouse. His mother taught him to read using textbooks stored in the attic.
His father remained in the camp and was killed in 1943 for organising a prisoner escape.
Most of the extended family perished. Hoffmann and his mother survived, emigrated to
the United States in 1949, and he eventually became a theoretical chemist at Cornell.

In 1952, Kenichi Fukuiintroduced frontier molecular orbital theory, identifying the HOMO
and LUMO as the orbitals governing chemical reactivity. His framework was qualitative

but pointed towards a deeper principle. Meanwhile, pericyclic reactions—concerted

transformations such as electrocyclic ring closures and sigmatropic shifts—presented

puzzling stereospecific behaviour that resisted classical explanation. Some worked ther-
mally but not photochemically; others required light. The outcomes seemed predictable

only in hindsight.

The breakthrough came from an anomaly. In the early 1960s, Robert Burns Woodward—al-
readyregarded as the greatest synthetic organic chemist of his generation, and a1965 No-
bel laureate—was pursuing the total synthesis of vitamin B,,, a molecule with 181 atoms,
9 stereocenters, and a corrin ring that had resisted synthesis for over a decade. A critical
electrocyclic step gave, in Woodward's words, ‘precisely the opposite stereochemical
course to that which we had predicted.” He had used physical CPK models, the standard
tool of the era, to predict the stereochemistry and got it exactly backwards. Rather than
dismissing the result, Woodward brought the puzzle to Hoffmann, who was then devel-
oping orbital phase methods using the extended Htickel approach. Their investigation of
why the reaction went the ‘wrong’ way led directly to a series of papers (1965-69) artic-
ulating what became the Woodward—Hoffmann rules: pericyclic reactions follow strict
constraints based on conservation of orbital symmetry. Whether a reaction is allowed
or forbidden can be deduced by tracking how the symmetries of occupied orbitals evolve
along the reaction coordinate.

Experimentalists immediately tested the rules across electrocyclic closures, sigmatropic
shifts, and cycloadditions. Every known case conformed. The rules offered not just post
hoc explanation but genuine predictive power, and by the early 1970s orbital symmetry
had become a central organising principle in mechanistic organic chemistry. In 1981,
Hoffmann shared the Nobel Prize in Chemistry with Fukui for their independent theo-
retical contributions to reaction mechanisms. Woodward had died in 1979, two years
too early. Had he lived, he would have been among the very few scientists to win two
Nobel Prizes.

Molecular structure originates from the underlying architecture of atoms, governed by
quantum mechanical principles. Electrons are not treated as point particles following
classical trajectories, but as wavefunctions—mathematical objects encoding the probability
distribution of their position in space. The behaviour of an electron is determined not by
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Newtonian forces but by the solutions to the Schrédinger equation (Schrodinger, 1926),
which defines discrete energy levels and corresponding spatial distributions.

The time-independent Schrodinger equation relates the system’s total energy to its spatial
properties: 1) = E1), where H is the Hamiltonian operator, v is the electron wavefunc-
tion, and F is the energy eigenvalue. These quantized solutions stand in sharp contrast
to the continuous energy spectra predicted by classical mechanics and form the basis of
modern atomic theory. Each solution defines an orbital, characterised by specific energy,
shape, and nodal structure. In hydrogen, the 1s orbital is spherically symmetric, while
higher orbitals—p, d, and f—exhibit directional lobes and angular nodes arising from
quantum mechanical constraints.
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Formation of 7 and 7* molecular orbitals from lateral overlap of p orbitals. Bonding 7, orbitals
(bottom) feature electron density above and below the internuclear axis. Antibonding 7, orbitals
(top) exhibit a nodal plane and out-of-phase lobes. Adapted from OpenStax Chemistry, Section 7.8:

Molecular Orbital Theory. Licenced under CC BY 4.0.

When atoms bond to form molecules, their atomic orbitals combine into molecular orbitals
that extend across multiple nuclei. Constructive interference between wavefunctions
produces bonding orbitals, concentrating electron density between nuclei and stabilising
the system. Destructive interference leads to antibonding orbitals, characterised by a nodal
plane between nuclei and elevated energy. The occupation of these orbitals follows the
Pauli exclusion principle (Pauli, 1925): electrons fill available molecular orbitals from lowest
to highest energy, pairing spins where necessary. This filling determines the molecule’s
electronic ground state and dictates its chemical reactivity.

Organic chemistry is dominated by molecules composed of carbon, hydrogen, oxygen, and
nitrogen. Carbon’s tetravalency, enabled by sp?, sp?, and sp hybridisations of their s and p
orbitals, allows the formation of stable o and 7 bonds in chains, rings, and three-dimensional
networks. 7 bonds, arising from lateral overlap of unhybridized p orbitals, are more diffuse
than o bonds and more sensitive to molecular geometry. In conjugated systems, 7 bonds
alternate with o bonds, allowing electron delocalisation across multiple atoms. This
delocalisation lowers the system’s energy and imparts distinctive electronic, optical, and
chemical properties.
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Formation of o and ¢* molecular orbitals from head-on overlap of two p,, atomic orbitals.
Constructive interference (top) yields a bonding o, orbital. Destructive interference (bottom)
yields an antibonding o}, orbital. Adapted from OpenStax Chemistry, Section 7.8: Molecular

Orbital Theory. Licenced under CC BY 4.0.

Conjugated 7 systems underpin many organic processes, including pericyclic reactions.
These reactions proceed concertedly: all bond-making and bond-breaking events occur
simultaneously in a single kinetic step, without discrete intermediates. The hallmark of
pericyclic reactions is cyclic electron flow, with electrons moving around a closed loop
and the reaction passing through a highly ordered, often symmetric transition state. The
feasibility and stereochemical outcome of these reactions depend critically on the phase
relationships and symmetries of the participating molecular orbitals.

Molecular orbitals carry a property with no classical analogue: phase. Each orbital has
regions of positive and negative sign, like the crests and troughs of a wave. When
two orbitals overlap during a reaction, the outcome depends on whether their phases
match. Constructive overlap—positive meeting positive—lowers the energy and drives
bond formation. Destructive overlap—positive meeting negative—raises the energy and
blocks it. Whether a reaction proceeds or not can hinge entirely on this sign, a purely
mathematical property of the wavefunction.

The Woodward-Hoffmann rules (Woodward & Hoffmann, 1965) formalised this into a
predictive theory. The feasibility of any pericyclic reaction can be determined by tracking
how the occupied molecular orbitals evolve along the reaction coordinate. If orbital
symmetry is preserved continuously from reactants to products, the reaction is allowed.
If symmetry is broken, the reaction is forbidden—no matter how thermodynamically
favourable it might be.

The rules distinguish between thermal and photochemical activation. Under thermal
conditions, reactions involve the ground electronic state, and the correlation of the highest
occupied molecular orbitals (HOMOs) of reactants and products determines the pathway.
Under photochemical conditions, excitation promotes an electron into a higher orbital,
altering symmetry relationships. The relevant correlation then involves the frontier orbitals
of the excited state. In both cases, the requirement is continuous, symmetry-allowed
transformation of the electron configuration.

Electrocyclic reactions exemplify the application of the Woodward-Hoffmann rules. In
the thermal ring closure of butadiene (four 7 electrons), the terminal p orbitals must
rotate conrotatorily—both twisting in the same direction—to preserve orbital symmetry



CHAPTER 46. ORBITAL AFFAIRS 457

and achieve constructive overlap. In contrast, the thermal ring closure of hexatriene (six
7 electrons) proceeds through disrotatory motion, with terminal p orbitals rotating in
opposite directions. Photochemical activation reverses these patterns: butadiene closes
disrotatorily, and hexatriene closes conrotatorily.

The Diels—-Alder reaction (Diels & Alder, 1928) is the clearest demonstration. A conjugated
diene (four 7 electrons) and a dienophile (two 7 electrons) combine in a single concerted
step to form a six-membered ring—a [4+2] cycloaddition involving six 7 electrons total. The
reaction works thermally because the HOMO of the diene and the LUMO of the dienophile
have matching phase at both ends simultaneously: both overlaps are constructive, so the
transition state is stabilised. This reaction is a workhorse of organic synthesis—steroids, ter-
penes, alkaloids, and pharmaceutical intermediates are routinely built through Diels—Alder
cycloadditions.

Now consider two ethylene molecules approaching face-to-face—a [2+2] cycloaddition with
four 7 electrons. The HOMO of one ethylene and the LUMO of the other have matching
phase at one end but opposite phase at the other. One overlap is constructive, the other
destructive. The net bonding interaction cancels, and the reaction faces a large energy
barrier. Heat alone cannot drive it. Under ultraviolet irradiation, however, promoting an
electron into the LUMO flips the phase relationship, making both overlaps constructive. The
[2+2] cycloaddition becomes allowed photochemically—this is how cyclobutane rings are
made. The same atoms, the same bonds to form, but the sign of a wavefunction determines
whether the reaction needs a flame or a lamp.

Sigmatropic shifts extend the theory further. These reactions involve the migration of
a o-bonded group across a conjugated 7w system. The symmetry of the transition state,
visualised through correlation diagrams, dictates whether the shift is thermally allowed.
For example, the [1,5]-hydride shift proceeds thermally because the orbital interactions
preserve bonding symmetry throughout the migration.

The scope of the rules extends beyond synthetic chemistry into biological systems. In
rhodopsin, the light-sensitive pigment of the retina, photoisomerisation of the retinal chro-
mophore exemplifies a pericyclic process governed by symmetry. In its ground electronic
state, thermal isomerisation is strongly disfavoured due to a high energy barrier and is
extremely rare, preserving visual sensitivity. Upon photon absorption, the excited-state
electronic configuration permits rapid, concerted isomerisation from the 11-cis to the
all-trans configuration, triggering visual signal transduction.

Even pathological processes, such as the formation of toxic byproducts in age-related
macular degeneration, follow orbital symmetry constraints. Under oxidative stress, reactive
intermediates enable cyclisations that would otherwise be forbidden thermally.
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Mathematical Abstraction as Physical Constraint

The orbital symmetries that dictate reaction outcomes are not empirical regularities
forced into a model. They are constraints embedded in the Schrodinger equation.
When the mathematics of quantum mechanics was extended from atoms into molec-
ular reaction pathways, it revealed new principles that had been invisible to empirical
cataloguing. Symmetry conservation predicted which reactions would work, with
what stereochemistry, before they were attempted. Few theories in chemistry have
matched this kind of predictive reach from first principles.

This topic holds a personal significance for me. When I applied to a competitive ex-
cellence program at the Technion in Israel, I had almost no formal scientific educa-
tion—my background was in yeshiva study. I was asked to give a lecture as part of the
admissions process, and I chose the Woodward-Hoffmann rules. I could not claim
deep technical fluency in organic chemistry, quantum mechanics, or group theory. But
the subject sits at the intersection of all three, and presenting it allowed me to demon-
strate a basic grasp of each—and, more importantly, a genuine curiosity about how
they connect. It was the willingness to engage with an idea that crossed disciplinary
boundaries, and the sense of wonder that comes from discovering a new connection
between seemingly disparate fields, that ultimately led to my acceptance.

For some reason, mirrors flip the image left and right, but not up and down.
See the book The Ambidextrous Universe (1964) by M. Gardner.
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Orbital Symmetry

Symmetry in the Schrédinger Framework

The Schrodinger equation H ¥ = FE gov-
erns the electronic structure of molecules.
When the molecular Hamiltonian H com-
mutes with a symmetry operator S, the sys-
tem's eigenfunctions must reflect that symme-
try: [I—:T, 5] =0= §1/J = At. This imposes
a conserved quantum label (irreducible rep-
resentation) on the wavefunction throughout
any geometry-preserving deformation. In a
concerted reaction such as a pericyclic trans-
formation, where all bond changes occur in
a cyclic, symmetry-retaining transition state,
this leads to a constraint: only reactions that
preserve orbital symmetry continuity are al-
lowed. This is the foundation of the Wood-
ward-Hoffmann rules.

Phase Symmetry and Frontier Orbitals

The molecular orbitals (MOs) of conjugated
systems can be described as linear combina-
tions of atomic p orbitals. For a linear polyene
with n p orbitals, the £ MO has the form
U, = Z;LZI sin(mkj/(n + 1)) p;, where p;
are orthogonal atomic orbitals. The phase of
the terminal lobes in the HOMO (highest oc-
cupied MO) determines the allowed mode of
bond formation. For example:

« Butadiene (4 & electrons): HOMO has oppo-
site terminal phases — conrotatory closure
aligns lobes — allowed thermally.

. Hexatriene (6 m electrons): HOMO has
same terminal phases — disrotatory clo-
sure preserves overlap — allowed ther-
mally.

These rules emerge not from empirical fits but
from the symmetry character of the MOs un-
der conserved operations (like a C, axis or
mirror plane in the transition state).

General Selection Rules

Pericyclic selection rules can be framed us-
ing the Mobius—Hiickel approach (Heilbron-
ner—Zimmerman). A concerted transition

state with Hiickel topology (even number of
phase inversions) is thermally allowed for
4q + 2 electrons and forbidden for 4¢; with
Mobius topology (odd number of phase in-
versions) the situation reverses (thermally al-
lowed for 4¢, forbidden for 4¢ + 2). Under
photochemical activation, these parities in-
vert. This framework consistently reproduces
the canonical outcomes for electrocyclic reac-
tions, cycloadditions, and sigmatropic shifts.

Correlation Diagrams and Symmetry
Conservation

A more formal approach uses correlation dia-
grams, where each MO is labelled by its sym-
metry character under a conserved symmetry
operation (e.g., S for symmetric, A for anti-
symmetric). The MOs of reactants and prod-
ucts are then connected across the reaction
coordinate. For butadiene: ¥, (A), U, (S); for
cyclobutene: 7 (A), o (S). Under a C), axis (con-
rotatory path), the symmetry labels match,
and the transformation preserves orbital occu-
pation — allowed. Under a mirror plane (dis-
rotatory path), the correlation fails (occupied
orbital would map to unoccupied antibonding
orbital) — forbidden.

Sigmatropic Shifts and Topological Clas-
sifications

Sigmatropic shifts involve the migration of a
o-bonded atom across a delocalized 7t system.
The cyclic transition state contains the mi-
grating group plus the it system—usually a 6-
electron or 4-electron arrangement. For [i, j]
shifts, thermal selection depends on topol-
ogy: a suprafacial [7, j] shift is allowed when
i+ j = 4q + 2, whereas an antarafacial [i, j]
shift is allowed when i + j = 4q. Thus, a
[1, 5]-hydrogen shift is allowed suprafacially
(6 electrons), while a [1, 3] shift (4 electrons)
is thermally allowed only in an antarafacial
topology, which is usually sterically blocked.
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