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From the Author’s Desk

This book is the outgrowth of a graduate-level “Special Topics in Structural
chemistry and Symmetry Course” taught concurrently in Hebrew at Ben-Gurion
University of the Negev, Beer-Sheva, and in English at the Feinberg Graduate
School, Weizmann Institute of Science, Rehovot, Israel. One educational goal
of the course was to expose the participants to a path toward stereochemical
knowledge different than the one ordinarily presented in standard organic
stereochemistry lectures. In recent years, this course has become part of the
advanced undergraduate curriculum of the Cross-Border Program in Biolog-
ical Chemistry administered by the Johannes Kepler Universitit Linz and the
Jihoteska Univerzita v Ceskych Budéjovicich, (University of South Bohemia,
Budweis, Czech Republic) — two neighboring universities on either side of
a common, and now peaceful, international frontier. It is hoped that similar
binational programs integrating students in a common goal toward mutual
cultural exchange and tolerance through advanced science education will one
day be the norm between my own country and its Arab neighbors. Over the
past three decades, this course has been given, in whole or in part, around the
world (Australasia: Uni. Wollongong AU; Uni. Auckland NZ; Massey Uni., NZ;
Uni. Kyoto JP; Uni. Mandalay, Myanmar MM; Europe: Uni. Twente NL; Uni.
Zagreb HR; Serbian Acad. Sci., Belgrade RS; Bogazici Uni., Istanbul TR; and
the Americas: UCLA; Uni. Syracuse; Nacional Autonom. Univ. Mexico MX;
CINVESTAV - Nacional Polytech. Inst. Mexico MX; Uni. Nacional Costa Rica
CR; Uni. Fed. Rio de Janeiro BR; Fluminense Fed. Uni. BR; Uni. National Cérdoba
AR; and Uni. Nacional Tucumén AR).

One important secondary goal of this book is to demonstrate a common
interface between the aesthetic world of form and that of structural chemistry.
Structural chemistry is unfortunately often not understood at the time of
important career-making decisions in secondary school. Many labor under the
misconception that chemistry is a daily regimen of titrations and/or balancing
redox equations. Another objective was to stress the intimate impact of envi-
ronment upon a molecule’s conformation and structure: change the first and the
other is not invariant. In a limited-size book, such as this, the various subjects
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that can be discussed can obviously not be comprehensive. They were chosen
to be a limited sampling of those that exhibited basic principles and provided
vehicles for the exposition of stereochemistry.

Without the patience, encouragement, and understanding of Yael Burko-Glaser,
my dear wife and life partner of 53 wonderful years, this dream of writing a book
could not have come to pass. To my immediate family: daughter Yardenna, son Gil,
daughter-in-law Adva Almog-Glaser, grandsons Ron Zeev, Tal David, and grand-
daughters Or and Hadar, now an IDF commander, it is my hope that intellectual
and scientific endeavor will make their world a better and more peaceful place
than it was at their birth. To them all, this book is dedicated.

Finally, it is both fit and proper to remember the teachers who shaped our minds
and events that changed our lives. George Noyes was my inspiring 1958 11th grade
chemistry teacher at Great Neck North Senior High School (Long Island, NY) who
enthralled his class with the wonders of chemistry and also told us of the intro-
duction of electric light in his boyhood home. Madeleine M. Joullié (University of
Pennsylvania, Philadelphia), my undergraduate professor, showed us the world of
functional group organic chemistry. Upon graduation in 1964, I was employed as a
Development Chemist at PPG Industries, Structural Adhesives Division, Bloom-
field, NJ. The PPG Employee Education Program rejected my enrollment in the
New York University Graduate School of Business Administration, despite my
already approved admission. Instead, they encouraged me to upgrade my Penn
Chemistry B.A. into a full B.Sc. degree and then undertake part-time evening
M.Sc. studies at the Polytechnic Institute of Brooklyn (a center of excellence in
polymer chemistry). Dr Lincoln Hawkins next affected my life by informing me
that acceptance of the Bell Laboratories (Murray Hill, NJ) job offer, having only
the M.Sc. Chemistry degree, meant that I could not reach the highest echelons of
their Scientific Staff. This provided the impetus to return to full-time studies. The
Soviet Union Space Exploration program’s Sputnik success prompted the United
States Congress to pass the National Defense Education Act (NDEA). This pro-
vided me, and others, with predoctoral fellowships in the physical sciences. While
at Rutgers University School of Graduate Studies, the scientific acumen of Donald
J. Cram and George S. Hammond, in their revolutionary text “Organic Chemistry,”
Second Edition, McGraw-Hill: New York, 1959, did more than anything else to
reveal that there was a wonderful logical chemical-intermediate-based founda-
tion to organic chemistry rather than reliance on rote memory. The provisions
of a 2-year US National Institutes of Health Postdoctoral Fellowship did not per-
mit its use abroad, despite my prior arrangements with the Israeli biophysicist
Ephraim Katchalski-Katzir to be a postdoctoral research associate at the Weiz-
mann Institute of Science, Rehovot. In 1971, Prof. Katzir, who later became the
fourth President of Israel, encouraged me not to take his job offer at WIS, but
rather to start out at the new University of the Negev and to have the pleasure
(“nachas” in Yiddish) of building, designing, and molding the nascent Beer-Sheva
Department of Chemistry. This is not the time, nor the place, to go into the reasons
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for immigration to the Jewish State in 1971. Suffice it to say, the feared destruction
of the Jewish people in Israel prior to the Six Day War did not come to pass. How-
ever, those tension-filled prewar days brought about a radical change of mind and
heart, and I then desired to do something for my people, and for myself, rather
than continue a comfortable existence in the United States of America, the land
of my birth.

Special mention must be given to my very talented and inspiring scientific men-
tors/advisors. First and foremost, the late Edmond J. Gabbay (Rutgers University,
Chemistry Department), my PhD mentor and friend, who opened the door to the
intriguing world of nucleic acid/diammonium ion interactions. I remember com-
ing home after my first meeting with him, bubbling over with excitement about
the “scientific” research project that was proposed to me (after having performed
routine polymer chemistry development work at PPG Industries for 3 years). At
Princeton, I owe my thanks to Paul von Rague Schleyer, who introduced me to
the exciting and aesthetic world of adamantane chemistry. The second year of my
NIH-funded postdoctoral studies was in X-ray crystallography with Robert Lan-
gridge at the Biochemical Sciences Department.

I have left the most significant for last: a 1978 sabbatical with Kurt Mislow back
in Princeton probably had more impact upon my scientific development than any
other single year in my career. I remember a conversation with K.M. in his office
to this very day. He said “Robert, you are working in asymmetric hydrogenation
where the rate determining transition-state is ephemeral. There is so much to
be learned from ground-state stereochemistry, where at least you know what the
structures are.” It was sage advice from a learned scholar. It is thus both an honor
and a pleasure to also dedicate this book to all my teachers. Finally, throughout the
years, I have had the honor to tutor many research students. Without their sense
of inquiry, determination, hard effort, and thirst for knowledge, this book could
not have been written.
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Much have I learned from my teachers ... but even more from my students
Talmud Bavli, Ta’anit 7a’

Robert Glaser
Omer (Negev), Israel, February 2015
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1
Symmetry/Pseudosymmetry: Chirality in Molecules,
in Nature, and in the Cosmos

1.1
Introduction

Symmetry and emulation of symmetry (pseudosymmetry) play a major role
in the world of esthetics and science. In our macro-surroundings, symmetry
and pseudosymmetry are an ever-present source of “visual pleasure” whose
origins may arise from our genes. At times, prior to the achievements of modern
medical science, symmetrical appearance of a prospective mate may have
symbolized physical well-being (health) — an essential attribute for both the
child bearer/parent and the successful hunter/defender. Often, our perception
of beauty and form is related to the observation of physical proportions whose
ratio approximates the “golden ratio” ¢ (an irrational number (1 + \/ 5)/2) where
¢ = 1.6180339887 ... The golden ratio is derived from a Fibonacci sequence of
numbers 0,1,1,2,3,5,8,13,21, ... ,a,b whereby ¢ = b/a.

Leonardo da Vinci’s “Vitruvian Man” drawing (1) illustrates the beauty of
ideal human proportions as described by Vitruvius, an architect in ancient
Rome. The proportions of the circle’s radius (centered at the navel) and the
square’s side (the human figure’s height) are 1.659, which approximates the 1.618
value of the golden ratio. It is doubtful whether da Vinci and other great artists
thought to themselves that they should paint figures and objects according to
the dimensions specified by the golden ratio. Instead, they knew in their creative
minds “what looks good” in their mind’s eye in terms of proportions. They were
probably gifted from birth (i.e., their genes) and did not have to learn about
the importance of painting with the golden ratio as a novice students in art
school.

Symmetry, Spectroscopy, and Crystallography: The Structural Nexus, First Edition. Robert Glaser.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
Companion Website: www.wiley.com/go/Glaser/Symmetry
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1 Symmetry/Pseudosymmetry: Chirality in Molecules, in Nature, and in the Cosmos

Prehistoric man’s predilection to symmetry can be seen in anthropological
findings of stone axe-heads. Increasingly symmetric stone axe-heads were
unearthed at sites populated by progressively more developed societies. As
the society of early prehistoric man matured, these finds seem to suggest that
the hunter-gatherer crafted increasingly more functional hand tools that were
also more visually pleasing [1]. David Avnir and coworkers have developed
algorithms to measure distortion from an ideal symmetry and applied them to a
morphological study of stone axe-heads unearthed at Pleistocene Age sites in the
Jordan Valley. This enabled a quantitative correlation between increasing stone
axe-head mirror pseudosymmetry and the decreasing age of the site. Illustrations
2—-4 depict axe-heads dated 1.84 million years ago (the oldest site, (2)) 0.6(2)




1.1 Introduction

million years ago (intermediate aged site, (3)), and 0.3(2) million years ago (the
youngest site, (4)) [1].

The visual pleasure we receive from the “classic proportions” of the Municipal
Arch (5, photo: Yael Glaser) in the Roman ruins of Glanum (Provence) is undoubt-
edly related to the golden ratio of its dimensions (8.8 m width and 5.5 m height).
It is clear that its intimately related symmetry and esthetics were concepts well
understood by talented architects in ancient times.

Our ancestors seem to have been greatly fascinated by objects of “high
symmetry” (i.e., objects with more than one C, rotation axis of order n>3,
where 7 denotes the number of times the rotation is performed on a subunit in
order to return it to its original orientation). Gray illustration 6 illustrates a late
Neolithic/Bronze Age (about 4500—5200 years ago) elaborately carved regular
tetrahedron stone specimen with three of its knobs decorated with spirals or dots
and rings. It was unearthed at Towie in Aberdeenshire, North-East Scotland.
Simple carved regular tetrahedron (7) and octahedron (8) geometry objects were
also unearthed in Aberdeenshire (hedron means “face” in Greek). The esthetically
pleasing five convex regular polyhedra (tetrahedron, hexahedron, octahedron,
dodecahedron, and icosahedron) were a source of learning, contemplation,
and discussion for Plato and his students. In modern times, these geometrical
structures were the impetus for creative organic syntheses of high-symmetry
hydrocarbon molecules [2, 3].

3
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1 Symmetry/Pseudosymmetry: Chirality in Molecules, in Nature, and in the Cosmos

1.2
Rudimentary Group Theory, Isometry, and Symmetry

Symmetry is based upon mathematical transforms, and to understand it, a short
introduction to simple Group Theory will be presented. The elements (members)
of a mathematical set all share some common trait. For example, the elements
of a symmetry set are all the symmetry operations that can be performed for a
particular object. This set may be acted upon by a mathematical operation (mul-
tiplication or successive application, that is, performing one operation followed
by another). The combination of a set and an operation defines a mathematical
group. The identity (E) element must be present in the set of every group.
Multiplication of two elements always affords a third element that must also
be an element of the set. For example, in the symmetry group C,, the elements
E and C, (360°/2 = 180° rotation about an axis) are the symmetry operations
of the set, and C, x C, = C; = E. Every element has its own inverse element
whereby multiplication of the element by its inverse affords identity. The inverse
element must also be an element of the set. In the case of C,, it is its own inverse.
Symmetry groups that result in at least one point within the object remaining
spatially invariant are called point groups. Mathematical group elements should
not be confused with symmetry elements. Symmetry elements in an object are
those single points, linear arrays of points (axes), or flat surfaces composed of
points (planes) that remain spatially invariant after a symmetry operation is
performed. Symmetry elements in an object (or between objects) are generated
by calculating the array of midpoints between all pairs of symmetry-equivalent
points.

Symmetry is a subset of isometry (isos in Greek means “equal,” metron in Greek
means “measure”), where the distance matrix between a set of points in one object
is preserved when the operation generates a second object. Two objects are said to
be isometric when their distance matrices are identical. The spatial orientation of
two isometric objects may differ relative to external axes of reference. Symmetry
should have actually been written as synmetry (syn in Greek means “together”),
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but the letter “n” cannot precede the letter “#1.” Symmetry is an isometry in which
full objects (or molecules), or subunits of an object, are exchanged while keep-
ing their spatial orientations invariant. All symmetry operations are mathematical
transforms performed using symmetry operators. These act upon a set of [x, y,
z] coordinates of points defining an object to generate a new exact copy of the
original object. One method (but not the only one) to make an exact copy is to
generate the mirror image. When the mirror-image copied object or subunit is
superimposable upon the original, then the object or subunit lacks the property
called “handedness.” In other words, the object is achiral. When the mirror-image
object is nonsuperimposable on the original, then it is chiral (from the Greek yeip,
pronounced “cheir”, meaning “hand”). Objects that are chiral possess the property
of (right- or left-) handedness or chirality.

Four of the eight known symmetry operations preserve an object’s handed-
ness. By this, we mean that after the operation is performed, a “right-handed”
object/molecule remains “right,” and a “left-handed” one remains “left,” that
is, they are congruent. These operations are denoted as being of the First Kind.
Operations of the First Kind include identity (E), rotation around a “proper
axis” (C,, where “C” means cyclic and “n” is the order of the rotation operation,
that is, the number of times the operation is performed on a subunit until it
returns to its original orientation and position), translation (linear movement by
a fixed distance), and n,, screw-rotation or helical displacement (combination
of translation by m/n-th of the distance required for a full-turn of a helix plus
rotation by 360/n degrees). Note: the m/n translation distance is the inverse of
the descriptor’s symbol #,,,.

As noted earlier, when the mirror-image object or subunit is nonsuperimpos-
able upon the original, then the object possesses the property of chirality or hand-
edness. By this, we mean that the object’s or subunit’s “handedness” has been
inverted by a symmetry operator, that is, a “right-handed” object/subunit becomes
“left,” and a “left-handed” one becomes “right.”

The remaining four of the eight symmetry operations are those that invert the
handedness of an object via symmetry transforms of the Second Kind. These are
reflection (o, where sigma comes from “Spiegel,” which is German for “mirror”),
inversion (i), rotatory-reflection (S,, a combination of reflection and rotation by
360/n around an “improper axis”), and glide-reflection (g, a combination of reflec-
tion plus translation by one-half of the repeating distance in a linear periodic
array of objects or molecules). Three of the eight known symmetry operations
involve translation and, thus, can leave no point invariant in space. These are pure
translation, screw-rotation (translation + rotation), and glide-reflection (transla-
tion + reflection). These three operations are found only in the 230 different space
groups (groups of operations that describe the symmetry of a periodic array of
objects or molecules). The remaining five (E, C,, o, i, and §,) of the eight opera-
tions are found in both point groups and space groups.

5
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There are 32 point groups and just five have sets containing only operations of
the First Kind (those that preserve handedness). These five are known as chiral
point groups: C, (cyclic), D, (dihedral), and the “high symmetry” T (tetrahedral,
tetra in Greek means “four” and hedron in Greek means “face”), O (octahedral,
octa in Greek means “eight”), and I (icosahedral, icosa in Greek means “twenty”).
The other 27 point groups are achiral as their sets contain operations of both the
First and Second Kinds.

In periodic ordered arrays of molecules (i.e., those within a crystal lattice), there
is a sideways (or laterally or diagonally) translational repeat unit called a unit cell
that builds the entire extended mosaic. Its volume is determined from the cell
parameters: a,b,c-axes lengths (A) and the a,f,y-angles (°), where «a is the angle
between the b,c-axes, and so on. For ease of usage, crystallography uses decimal
fractions of a unit cell axis length rather than Cartesian coordinates.

A symmetry transform is the mathematical basis for performing a sym-
metry operation. In this procedure, the set of [x, y, z] coordinates defining
all the atoms of a molecule or subunit is changed by a particular symmetry
operator to generate the exact copy’s new set of atoms. For example, the
[-y, %, z] symmetry operator engenders a C, rotational symmetry operation
(C,, where n =4). When applied to the set of a molecule’s fractional atomic
coordinates, it produces a new same-handedness superimposable copy that has
been rotated by 360°/n = 360° /4 = 90° about the Z-axis. The operator for a
+180° (clockwise) symmetry-equivalent position is [y, —x, z], and for a +270°
position, it is [y, —x, z]. What does this mean? It means that a +90° clockwise
rotation about the +Z-axis of an atom with coordinates [x, y, z] will reposi-
tion that atom to %,., = =¥, Vpew =% and z,., = z. For example, if [x,y,z] =
[0.0047(1),0.2321(1),0.0479(5)] for an initial atomic position, then a +90°
rotated atom will be at [—0.2321(1),0.0047(1),0.0479(5)] based upon the [—y,
x, z] symmetry operator. The number in parenthesis is the estimated standard
deviation (esd) of the experimentally measured position, that is, its precision.
Note: the rotational tropicity (tropos means “directionality” in Greek) of all
symmetry operations is arbitrarily but consistently chosen to be always clockwise.
Why? Answer: by historical convention.

The symmetry operation for a —90° rotation is C; (i.e., performing C, three
times, ie, C, X C, X C, = Ci). In a symmetry comparison, one compares only the
initial and final objects. Thus, any intermediate steps leading up to CZ’ (ie,C,and
C, x C, = C2 = C,) are neglected. It is clear that the final position of the rotated
atom is identical whether it was rotated either by —90° or by 3 x 90° = 270°. An [x,
¥, —z] symmetry operator acting upon all the original atoms of a molecule would
afford a new exact copy that has been reflected through the xy-plane. Similarly, a
[—x, —y, —z] operator would produce a new exact copy that was inverted through
the unit cell origin, while a [—x, 1/2 4+ y, —z] operator would generate a new copy
that has been 2, screw-rotated about the b-axis (combination of 180° rotation
about the b-axis plus translation of 1/2 the unit cell repeating distance on that
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axis). The meaning of the 2, screw rotation operation will be explained later. The
main purpose of this discourse is to emphasize that genuine symmetry is a math-
ematical ideality.

1.3
Asymmetric versus Chiral: The I-Symmetry of Viral Capsids

Asymmetry is a special case, since only objects exhibiting solely the identity oper-
ation are both asymmetric and chiral, that is, they have C; point group symmetry.
Thus, while all asymmetric objects are chiral, certainly not all chiral objects are
asymmetric. “Asymmetric” is definitely not a synonym for “chiral.” The human
adenovirus has an /-symmetry viral capsid (a protein shell without DNA or RNA;
see 9 [4—6]. The cryo-electron microscopy and X-ray crystallography structure is
presented in Protein Data Bank (PDB) entries 3IYN [7] and 1VSZ [8], respectively.
I-symmetry is the highest chiral symmetry point group. The 120 I, achiral group
elements are: E, i, 6(C5, C2,C3, C2, S,0; S35 S5 S3,); 10(Cs, C3, Sg; S7) 15C,, and
150, thatis,1 + 1 + (6 x 8) + (10 X 4) + 15 + 15 = 120. The presence of
only L-amino acids in the capsid removes the 60 group elements of the Second
Kind, whereby the I-symmetry chiral group elements that remain are just E,
6(Cs, C2, C2, C3); 10(Cs, C3); 15C,, thatis, 1 + (6 X 4) + (10 x 2) + 15 = 60.
The 60 C,-rotation operations, where n = 1,2,3, and 5, preserve the L-(levo)-
handedness of all the capsid’s amino acids.

The geometric considerations of the capsid’s structure will be discussed next.
The asymmetric unit of a unit cell is that minimal structural entity that will
build the entire contents of the unit cell repeat unit using all of the symmetry
operations of the point or space group (with the exception of translation for
space groups). Molecules (or objects) that contain a symmetry element within
themselves will have an asymmetric unit that is a fraction of the entity itself. The
Hexon is the main structural protein of capsid 9, and it is organized as a trimer.
Four hexon trimer units reside within the capsid’s asymmetric unit — a triangular
shaped wedge extending from the interior center to the surface where it fills
one-third of an equilateral triangular face (see dashed line triangular segment in
9). Asymmetric units will be discussed in detail later on. Suffice it to say that the
12 hexons (3 hexons/trimer X 4 trimers/asymmetric unit) in this building-block
unit will be duplicated by all the /-symmetry operations to generate the entire
capsid. A threefold rotation axis through the face center copies the asymmetric
unit’s 12 hexon proteins 2 more times for a total of 36 hexon proteins/face (3
hexons/trimer x4 trimers/asymmetric unit X3 asymmetric units/face). Since
there are 20 faces, this means a total of 720 hexon proteins reside within the
capsid assembly. Obviously, this chiral supramolecular /-symmetry assembly,
exhibiting 60 operations of the First Kind, can in no way be referred to as
“asymmetric” [5].
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Rod units (protein helical fibers with knobs at the very end) are located at each
of the 20 locations of fivefold symmetry. The human adenovirus structure pro-
vides a useful example of how Nature sometimes modifies a symmetry motif in
order to attain a particular functional advantage. Why do this? Symmetry causes
structural constraints that sometimes need to be partially removed to facilitate
a particular functional effect (in this case, it is a biological effect). For this par-
ticular virus, there is a symmetry mismatch between the capsid’s fivefold axes of
symmetry and the threefold symmetry within the knob domain. The reasons for
this are yet to be discovered. Usually, the rods show fivefold symmetry.

Due to the mismatch, the adenovirus only shows I-pseudosymmetry both in
the solid and solution states. The Flock House virus is an RNA virus isolated
from insects and exhibits near-perfect /-symmetry. One wonders why Nature
has chosen such high symmetry for many viral particles? One obvious reason
is that icosahedral symmetry enables efficient packing of the viral constituents
within the capsid. The genetic material (DNA or RNA), packed within, often also
has I-symmetry geometry. However, perhaps the high symmetry of the capsid
also imparts a statistical advantage so that its knobs can attain auspicious orien-
tations required for effective binding to the cell surface no matter how it lands
upon it.

David Goodsell [6] has discussed the function of the adenovirus in his Protein
Database “Structure of the Month” webpage. The viral capsid’s function is to
locate a cell and deliver the viral genome inside. Most of the action occurs
at the knobs located at each vertex. The purpose of the long knobs is to
selectively bind to transmembrane receptors called integrins located on the
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cell’s surface. Once the virus attacks this surface, it is drawn into vesicles (a
small bubble within the cell's hydrophobic phospholipid bilayer membrane)
by a process called endocytosis. Endocytosis is an energy-consuming process
by which the cell absorbs molecules (i.e., large polar molecules) by engulfing
them so that they can pass through the hydrophobic outer membrane. The
next step involves breaking through the vesicle membrane and releasing the
viral DNA into the cell. In the final stage, the adenovirus enters the cell’s
nucleus and builds thousands of replicas of new viruses. The ultimate result
will cause the unfortunate recipient to suffer from respiratory illnesses, such
as the common cold, conjunctivitis (eye infections), croup, bronchitis, and also
pneumonia.

Note, for a lethal virus (e.g., ebola) to cause an epidemic, it has to kill
the infected person slowly enough so that many people can come in con-
tact with the dying victim (as with ebola). If the virus kills the sufferer too
quickly, then a critical number of new victims will not arise to cause a chain
reaction.

In the time of Louis Pasteur, rotationally symmetrical objects were called dis-
symmetric, while only achiral objects were referred to as symmetric. However, the
prefix “dis” implies “a lack” of something, and thus, dissymmetric appears to be a
synonym of asymmetric, which it is not. Since symmetry operations are both of
the First and Second Kinds, there is no logical basis to restrict the general concept
of “symmetry” to encompass only the second of the two types. On the other hand,
the term chirality makes no distinction between asymmetric objects and those
(like viral capsids) that exhibit high symmetry of the First Kind. Bottom line: all
nonasymmetric objects are symmetrical by definition. Obviously, viral capsid 9
cannot be described as being asymmetric.

1.4
The Birth of Chirality as a Chemical Concept

The use of the term “chirality” in a scientific sense owes its conception to Lord
Kelvin (Sir William Thomson), who stated, in his lecture to the Oxford University
Junior Scientific Club (1893), “I call any geometrical figure, or group of points,
chiral, and say that it has chirality if its image in a plane, ideally realized, cannot
be brought to coincide with itself.” Its present use in a chemical context to mean
the structural property giving rise to two nonsuperimposable mirror-image
molecular structures, or right- and left-handedness, can be traced to one of the
eminent scholars of stereochemistry, Kurt Mislow. For nonphysicists, such as
the author, Mislow says that the phrase “ideally realized” refers to “geometrical
chirality” coming from a “mathematical idealization” which is common in
physics and science in general (K. Mislow, personal communication, January 13,
2014).

9
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Kurt Mislow was the first to use the terms chiral and chirality in chem-
istry. To see how this came about, we should first set the stage and discuss
some important aspects of stereochemistry in the 1950s. Carl Djerassi, Luis
Miramontes, and George Rosenkranz were at the Mexico City laboratories of
the Syntex Corporation and were performing research in the developing field
of steroid chemistry. In 1951, they invented the first oral contraceptive drug,
progestin norethindrone, which, unlike progesterone, remained effective when
taken orally. The drug triggers a hormonal response that stops further egg
production in the female body during the period of pregnancy. This discov-
ery radically changed the manner in which men and women interact as they
heed the call of primordial hormonal urges originally designed to ensure the
continuation of our species. In 1978, at the Knesset (Parliament) in Jerusalem,
Carl Djerassi was awarded the first Wolf Prize in Chemistry for his work
in bioorganic chemistry and for the invention of the first oral contraceptive
drug.

At the time of his work, a very useful empirical link was discovered between
steroidal absolute configuration and the (+ or —) sign of the “Cotton Effect” (a chi-
roptical property based on Optical Rotatory Dispersion (ORD) of plane polarized
light in the n — & transition of steroidal saturated ketones). This was the empir-
ically based Octant Rule. While the “rule” seemed to work nicely for steroidal
ketones (10), later on, it was found that different (+ or —) signs of the Cotton Effect,
versus those predicted by the Octant Rule, were experimentally observed for opti-
cally active, known absolute configuration 8-alkyladamantan-2-ones (11). Since
this phenomenon was then dubbed the Anti-Octant Rule, it is logically apparent
that, alas, there is no rule. The ORD chirotopical technique and octant rule will
be discussed later when details of its related subtopics circular birefringence and
circular dichroism are presented as a separate section.

CHj
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The principal investigators of a project involving steroidal a,f-unsaturated
ketones (10) and the sign of their Cotton Effects were a group of distinguished
chemists Carl Djerassi, Kurt Mislow (a stereochemist), and Albert Moscowitz
(a chemical physicist). In a letter to Djerassi dated 7 October 1961, Mislow
was discussing the Cotton Effect’s sign for 1-methyl epimers of 1-methyl-19-
norprogesterones (see wavy gray line in 10). Mislow wrote “In the a-isomer
the 1-methyl group is equatorial, but in the p-isomer the 1-methyl is axial, and
interaction with C;;-methylene forces A (the 1-methylcyclohex-4-ene-3-one
ring, A) into a boat and changes the sense of chirality.” The ketones in the
letter, and other steroids, were then discussed at length in their paper where the
following is written: “ ... Dreiding models point definitely to a given chirality ...”
[9] A copy of the original letter was published in an article on language and
molecular chirality written by chemical historian Joseph Gal [10].

1.5
Apparent Symmetry (High-Fidelity Pseudosymmetry) and the Quantification of
Distortion from the Ideal

It is common to use “symmetry” in a logically “fuzzy” manner, that is, a concept
whose borders or limitations are not absolutely well defined, such as the usual
about 95% probability of finding electron densities in atomic orbitals. The plea-
surable symmetry that one observes in our macro-world obviously does not exist
via mathematical transforms, and yet viewers often perceive nonmathematically
symmetrical objects as being “symmetrical.” This is the realm of pseudosymmetry.
High-fidelity pseudosymmetry (rather than genuine symmetry) is the norm in our
macro-world. Genuine symmetry in our world manifests itself as reflections in a
plane mirror of high quality or in a pristine lake’s windless surface (see 12, photo
courtesy of Shaul Barkai, Switzerland).

Aside from the aforementioned special cases of reflection symmetry, our
senses do not, or cannot, note the small deviations from an ideal geometry when
confronted with “almost symmetrical/nonmathematically symmetrical” objects.
A second look at da Vinci’s “Vitruvian Man” (1) shows that it does not have true
mirror reflection symmetry. Illustration 13 shows a pseudo left-half (inverted
right-hand) drawing next to a genuine right-half drawing, while 14 depicts a
real left-half next to a pseudo right-half (inverted left-half) drawing. Since these
differences between the right and left halves are clearly noticeable, one wonders
if they were intentionally made by the artist for esthetic purposes.

Many objects “look symmetrical” since their pseudosymmetry fidelities are very
high. At first glance, starfish 15 appears to have multiple symmetry elements (five-
fold rotational symmetry and five mirror planes, each one passed through a leg),
that is, C;, point group symmetry. But, careful inspection of 16 and 17 shows that
the left leg of starfish 15 is very slightly higher than its right leg. Note the very
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small differences between 16 (inverted right next to a real right starfish) and 17
(genuine left next to inverted left) make 15—17 all appear to be almost identical.

16

Our genes have programmed us to overlook minor distortions from ideal sym-
metry. Avnir and his students have provided us with very useful mathematical
algorithms to quantify the continuum of distortion from a genuine symmetry ele-
ment within an object [11]. Genuine symmetrical geometry is only the origin-
point terminus of an ever-decreasing sliding scale of pseudosymmetrical fidelity,
that is, the /ess an object is distorted from the ideal symmetry, the more it shows
a higher-fidelity pseudosymmetry. Therefore, pseudosymmetry is a sliding-scale
variable, while true symmetry is an ideal state (a mathematical singleton, a set
with only one element). Molecules either possess a particular symmetry, described
by mathematical transforms, or do not. On the other hand, what is undisputable
is that objects or molecules can readily exhibit a “continuum of distortion” from
a particular ideal geometry. In other words, they can appear to exhibit various
degrees of being “almost symmetrical.”

Avnir and his coworkers at the Hebrew University of Jerusalem have shown that
distortions from ideal point group symmetry or from an ideal shape should be con-
sidered to be continuous properties. The Avnir algorithms are commonly referred
to as “Continuous Symmetry Measures” (CSMs) [11—-17]. The broad utility of the
CSM tools has been extensively demonstrated for quantification of symmetry dis-
tortion within objects or molecules and has led to correlations of these values with
a wide range of physiochemical phenomena [18-23]. Continuous Chirality [24]
and Continuous Shape Measures (CShMs) have also been reported [25, 26]. The
application of Symmetry Operation Measures to inorganic chemistry [27] and the
use of CShM [28 —31] measurements for analysis of complex polyhedral structures
have also been reported by Alvarez and coworkers.

It is useful to take the time to understand (in a very simplified and general
manner) some of the methodology of the important Avnir [18—23] symmetry
distortion algorithms. The “S(X)” CSM numerical index calculated for an object
or a molecule distorted from any generic ideal X-symmetry (18, where X is any
point group) is a normalized root-mean-square distance function from the closest
theoretical geometry object (19) that exhibits the ideal X-symmetry [11, 12, 14,

13
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16]. The theoretical object is simply the closest geometrical construct exhibiting
ideal point group X-symmetry that is calculated from the distorted input struc-
ture. Despite the fact that the construct was derived from a molecule’s structure,
its geometry is not real in terms of its bonding parameters (i.e., bond lengths, bond
angles, and torsion angles).

For simplicity, the distance geometry algorithm is based on Eq. (1.1), where
P, = Cartesian coordinates of the actual shape (e.g., distorted trigonal bipyramid
colored black in 18); N = coordinates of the nearest ideal C;-symmetry “geomet-
rical construct” (colored gray in 19); n=number of points (1 to #n); and D=a
normalization factor so that two objects differing solely in size will afford the same
S(C;) value [11, 16].

n
P = Ni|* x 100 (1.1)

k=1

1
SC) =T

18 19

Any object with ideal generic X-symmetry will afford an S(X)-value equal
to integer number zero, that is, it is a special case as it results from symmetry
constraints upon the object’s geometry. S(X)-values that are not integer zero
are general cases (e.g., S(X) = 0.0000001 does NOT result from symmetry
considerations). As the object is distorted more and more from S(X) = 0 ideal
X-symmetry, the S(X) value will increase. The S(X) scale has been designed to
range from 0 to 100, and users may refer to this scale as a continuous measure
of the ability to perceive the existence of a particular generic X-pseudosymmetry
element within an object. Ranges of S(X)-parameter numerical values have been
interpreted in terms of either a negligible loss, small loss, moderate loss, or the
perceivable absence of a generic symmetry element-X [11, 23]. Thus, one may
paraphrase this interpretation by proposing a rule of thumb, which states that
S-values of 0.01 or less indicate negligible distortion from an ideal symmetry
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(i.e., high-fidelity pseudosymmetry that is not perceivable by the naked eye) [11],
whereas values up to 0.1 correspond to small deviations from the ideal, which
may or may not be visibly perceivable (i.e., moderate-fidelity pseudosymmetry).
Larger S-values up to 1.0 signify structurally significant divergences from the
ideal (i.e., low-fidelity pseudosymmetry) [11, 23]. Values larger than 1.0 testify to
important distortions that are large enough so that the absence of a particular
pseudosymmetry element within an object is visually recognized. For example,
an Avnir CSM quantification of mirror-plane distortion in the stone axe-heads
(2—4) as a function of the archeological site’s age was reported to be 1.84 S(o)
for the oldest specimen (2), 0.77 S(o) for the intermediate-aged one (3), and 0.29
S(o) for the youngest axe-head (4) [1]. Inspection of axe-heads shows 4 to exhibit
the highest fidelity mirror pseudosymmetry and the lowest S(o) value.

The closer the Avnir S(X)-value approaches integer zero (the object’s distortion
from an ideal generic symmetry), the harder it is for our eyes to differentiate
between high-quality pseudosymmetric objects and those exhibiting genuine
symmetry. In the world around us, it is only our knowledge that perceived
symmetry is almost always nonmathematical that enables us to be cognizant that
an object’s shape or form is actually only a high-quality emulation of symmetry
rather than being the real thing. When does our perception of pseudosymmetry
end and our realization of gross distortion or a complete loss of pseudosymmetry
begin? It is not simple, since the pseudosymmetry continuum’s frontier with
perceivable asymmetry is mathematically fuzzy, rather than being an easily
recognized step-function.

Should experts in symmetry proclaim, to one and all, that only pseudosymmetry
(and not mathematical symmetry) primarily exists in our macro-world? Definitely
not! There is nothing wrong with using fuzziness in communication unless the dis-
tinction between pseudosymmetry and genuine symmetry is absolutely required
to explain a particular phenomenon. Communication and language should be
free and not hampered by awkward phraseology and unnecessary accuracy. As
a corollary, does this mean that one should use the adjective “pseudosymmetrical”
to describe objects in our world? Probably not a good idea, since many will not
understand the term. There is nothing wrong in using the concept of symmetry in
its fuzzy sense. However, as scientists studying molecular structure, we should
be aware of the conceptual differences between pseudosymmetry and genuine
symmetry.

The concept of chirality seems to be a continuum without an end, since the
generation of achiral geometries is a very special case due to specific symme-
try constraints. Avnir has elegantly shown that when one of the two reflection
symmetry-related vertices of the isosceles triangle 20 (isos and skelos, respectively,
mean “equal” and “leg” in Greek) is ever so slightly depressed, then the formerly
achiral figure is transformed into scalene triangle 21 (a two-dimensional chiral
object). It exhibits a “small amount of chirality” as the ideal o-plane has ceased
to exist. The amount of this chirality can increase as the vertex is moved further
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downward. It is thus clear that it is almost impossible to observe ideal achiral-
ity in our macro-world. The general case is that an object’s geometry will have
some finite degree of chirality. In other words, chirality is the “general rule” in
our universe, while achirality is a “special case” since it requires structural and
mathematical constraints.

- e o o B o o e

20

1.6
Chirality in Form and Architecture: Symmetry versus Broken Symmetry

Lest one thinks that esthetics in design, beauty of structure, and form are only
expressed by dimensions of the golden ratio, Avnir and Huylebrouck have recently
reported on the nexus between chirality and awe-inspiring cutting-edge architec-
tural design [32]. To paraphrase the Nobel laureate Roald Hoffman (during a past
visit to our university), he noted that breaking symmetry often imparts a warmer
feeling of visual pleasure than that realized from “colder” symmetrical objects.
While esthetic taste is certainly subjective, to the author (at least), broken symme-
try can be as esthetically pleasing to the eye as genuine symmetry. The following
two examples show different aspects of this subject. The first case deals with the
graceful and prize-winning Mode Gakuen Spiral Towers building (22) in Nagoya,
Japan (architects: Nikken Sekkei Ltd). Gakuen in Japanese means “academy.” They
were built to house three vocational schools: fashion, information technology,
and medicine/welfare. The truncated gently spiraled edifice is composed of three
unequal width, right-handed helical “tower” wings mutually connected to a com-
mon central core (i.e., similar to a spiraled triple helix). The tallest and widest wing
gradually increases to a height of 36 stories, the “grooves” on either of its sides are
equally larger than the third groove separating the two thinner wings. Photo 22
shows the widest helical tower facing the viewer and spiraling upward toward the
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right (the wider grooves are clearly seen on either side). The second highest helical
tower is partially seen on the left-hand side, while the third and lowest helical
tower is hidden.

The second example is Mercedes House (23) at 555 West 53rd street,
Manhattan, New York. It is an apartment building built in the shape of an
inclined letter “Z” gradually zigzagging upward from the 6th to the 32nd floor.
It was ingeniously designed by Mexican architect Enrique Norten to provide
the maximum number (60) of Hudson River view roof-top luxury apartments
resulting from the 30 indentations of its gradually slopping roof. The building
sits atop a large Mercedes-Benz dealership (hence the name) and is one of the
latest structures built as part of urban renewal of the “Hell’s Kitchen” section of
Manbhattan.

1.7
Chirality in Nature: Tropical Storms, Gastropods (Shells), and Fish

One observes numerous examples of chirality in our macro-world around us:
arms and legs, flowers, right- or left-flounder flatfish, wind patterns in low-
pressure regions, tornados, whirlpools, spiral sea shells, galaxies, and so on. For
example, stationary orbit weather satellites view Northern hemisphere hurricanes
as anticlockwise vortexes of clouds (see 24, a hurricane off the Mexican Pacific
coast), while Southern hemisphere cyclones/typhoons (25, a typhoon off the
Queensland coast of Australia) are seen from space as a clockwise vortex of
clouds. It should be noted that the terms clockwise/anticlockwise are relative to
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the orientation in which one views a transparent clock, that is, the tropical storms’
tropicity (directionality) would be inverted when viewed from the ground to
the sky.

The spiral sense of 90% of gastropods (shells, class: Gastropoda) show dextral
(right-handed) coiling. It is very rare to walk along the seashore and find a
left-handed specimen. However, there are large predatory sea snails called Whelk,
which can be found not only in the common right-handed form, but also in the
more unusual left-handed variety. The Busycon carica (26) species, representative
of the overwhelming widespread dextral coiled sea shells, is found off North
Atlantic coasts especially between New Jersey and Georgia. Busycon contrarium
is a species found in the Gulf of Mexico with sinistral spirals (27: 20 cm length and
11 cm maximum width). It belongs to the Busycon genus within the Buccinidae
family.
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Amphidromus perversus butoti subspecies is an Indonesian air-breathing tree
mollusk that exhibits either dextral or sinister coiling. These terrestrial gastropods
(of 4—5 cm length and 2 cm maximum width) are amphidromine snails since both
the dextral (28) and sinistral (29) forms can be found within the same popula-
tion. This means that the Amphidromus genus is quite remarkable since a sin-
gle species usually shows only one direction of coiling. For example, in the Busy-
con genus just discussed, the directionality of coiling is species-specific. Taking
an overview of the situation, both the aforementioned examples of gastropods
are quite remarkable since the vast majority of shells exhibit only dextral spiral
sense.

Flatfish (e.g., flounder, skate) are another fascinating example of chirality in
Nature. Flounder are demersal fish (bottom feeders) and are classified as benthic
since they rest upon the sea floor. They belong to the Pleuronectiformes order
in which one of the two eyes migrates to the other side of the fish so that it
can then lie flat upon its side on the seabed. Right-eye flounders (30, e.g., the
Pleuronectidae family) lie upon the sea floor on their left sides. Similarly, left-eye
founders (31, e.g., the Paralichthys lethostigma species) rest upon the sea bottom
on their right sides. Note: right- and left-eye descriptors are derived from the
particular eye that has migrated to the other side (not the side of fish that faces
upward). At birth, the tiny hatchlings appear achiral and swim upright like normal
fish. But, after 6 months, one eye migrates to the other side of the fish (called
metamorphosis), and the fish flips over on its side to lie in the sand of the seabed.
A color change occurs as the stationary side darkens to blend in with the seafloor,
while the other side remains white.
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1.8
Extraterrestrial Macroscale Chirality: Spiral Galaxies, Martian Sand Devils, Jovian Great
Red Spot, Neptune’s Great Dark Spot, and Venusian South-Pole Cloud Vortex

In a similar manner to Terran (adjective of Latin name for “earth”) tropical storms,
the clockwise/anticlockwise tropicity of spiral galaxies is reversed when viewed
from one side and then from the other. However, these spiral galaxies cannot be
achiral, since the stars within do not symmetrically reside around the galactic
mean plane. While not all galaxies are spiral, these galaxies are a common sight
in the astronomer’s telescope. Like the revolving cloud patterns of hurricanes and
typhoons (photo 24), the tropicity of a spiral galaxy will be reversed if viewers were
able to observe it from the other side. NASA Photo 32 shows an edge-on view of
galaxy NGC 5746 with a halo of hot blue gas around it. But can spiral galaxies,
such as this, have a plane of reflection making them achiral? The answer is nega-
tive since the component stars are positioned about the equatorial belt according
to gravitational forces and not by symmetry. Our telescopic images are simply not
high enough in resolution to observe that the star distribution is actually asym-
metric about the horizontal axis of rotation.

NASA photo 33 shows two colliding clockwise spiral galaxies NGC 5426 and
NGC 5427 (collectively known as Arp 271). While they appear to be dangerously
close to each other, the vastness of the galactic scale is such that researchers tell
us that they will not collide. Instead, they will pass through each other, although
it is expected that new stars will form out of the “bunching” of gas due to gravi-
tational tides. Scientists predict that our own galaxy (the Milky Way — called the
“Pharaoh’s River” by the ancient Egyptians) will undergo a similar encounter with
the neighboring Andromeda galaxy in a few billion years.

Counterclockwise columns of swirling Martian dust move across the surface
in a similar manner as the same phenomenon on Earth and have been often
photographed from rover exploration vehicles or by orbiting surveillance satel-
lites. The Mars Spirit Rover photographed the anticlockwise dust devil in 2005
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(34). On 14 March 2012, the NASA Mars Reconnaissance Orbiter, as part of
a high-resolution imaging experiment, photographed an anticlockwise dust
devil (35) as it flew over the Amazonis Planitia region of Northern Mars. This
particular dust devil is quite large (30 m in diameter and 800 m in height).

Another extraterrestrial analogue of tropical storms is the Jovian (adjective of
the gas giant planet Jupiter named after the Roman god) anticlockwise “Great Red
Spot”, GRS, (36, NASA). Jupiter’s GRS is the vortex of an atmospheric storm rag-
ing in the Jovian atmosphere of the South Equatorial Belt for at least 400 years
(when early telescopes first observed it). Three Earths can fit into its diameter.

As opposed to the extremely long-lived Jovian GRS, the anticlockwise Great
Dark Spots (GDS-89) in the Southern Hemisphere of Neptune are storms that
form and dissipate once every few years or so. About half the time, Neptune has
one of these spots. They are smaller than the GRS, since their volume is only
about the same size as Earth. Its winds have been measured at about 2400 km h~!
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and are the fastest in the solar system. These dark spots have different shapes and
are thought to be vortices in the methane clouds of Neptune (similar to the hole
in the ozone layer of Earth). The Voyager 2 spacecraft photographed the Southern
Hemisphere GDS (with white cirrus-like clouds that change over a small period
of time) and below it a smaller spot called “Scooter” with a bright center; see 37,
Jet Propulsion Laboratory, California Institute of Technology. Both spots rotate
at different speeds.
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The Venusian South Polar Giant Vortex (38) is another example of an anticlock-
wise cloud pattern. It was thermally imaged with infrared light by the Infrared
Thermal Imaging Spectrometer of the European Space Agency’s Venus Express
spacecraft. The vortex is 65 km in height. Finally, while there is a 30 September
2013 report of a giant planet (1.5 times larger than Jupiter) outside our solar system
(an exoplanet) called Kepler-7b, the image of its high clouds to the West and clear
skies in the East unfortunately does not show chiral cloud patterns.

1.9
Analyses of Amino Acid Chirality in Extraterrestrial Samples with Gas-Liquid
Chromatography Chiral Columns

In 1966, Emanuel Gil-Av and coworkers at the Weizmann Institute of Science
reported the first instance of a reproducible a-amino acid enantiomer separation
using gas—liquid chromatography with an optically active stationary phase [33].
The column used a dipeptidic phase N-TFA-L-valyl-L-valine cyclohexyl ester,
but required that samples be derivatized to their N-TFA(trifluoroacetamido)-O-
tert.-butyl esters prior to analysis. The drawback was that such esters of amino
acids are not readily prepared. The dipeptidic column was later used in 1970 to
analyze for a-amino acids in moon samples retrieved from the surface of the Sea
of Tranquility by the crew members of Apollo 11 [34]. However, no measurable
amounts of amino acids were found under conditions that would have detected
less than 0.1 ppm of any amino acid. In 1971, Benjamin Feibush [35] reported a
very highly efficient diamide phase, N-lauroyl-L-valine terz-butylamide, which
could be used with more readily prepared N-TFA-a-amino acid methyl esters.
However, the column suffered from relatively high column bleeding, which
limited its working temperature to 130-140 °C [35]. This disadvantage was later
overcome by the preparation of higher homologue chiral phases: N-docosanoyl-
L-valine tert-butylamide and N-lauroyl-L-valine 2-methyl-2-heptadecylamide,
which showed no loss of weight by thermogravimetric analysis (TGA) until 190°
and 180°, respectively [36]. As this chapter was being written, an enantioselective
column by Volker Schurig (a former postdoctoral research associate of Gil-Av)
was onboard the ESA Rosetta mission spacecraft. The orbiter successfully landed
the Philae rover on 12 November 2014 after an incredible 10 year 317 million
mile journey to the 2.5mile wide comet 67P/Churyumov—Gerasimenko. His
chiral column has been selected for future space missions to Mars: Mars Science
Laboratory (MSL) and ExoMars 2016.
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Enantiospecificity of Pheromones, Sweeteners, Fragrances,
and Drugs

2.1
Enantiospecificity of Pheromones, Sweeteners, and Fragrances

Pheromones are chemicals released by animals and insects to elicit a behavioral
response or activity in others of the same species. Gas chromatographs can
be outfitted with an electroantennographic detector (EAD) [37] (i.e., an insect
antenna), some of which can register the presence of pheromones at concentra-
tions as low as two molecules per cubic meter. Many pheromones elicit increased
activity by one enantiomer relative to the other. For example, the (S)-enantiomer
of 4-methylhepta-3-one (39), the alarm pheromone of leaf-cutting ants, is 100
times more active than the (R)-enantiomer. Other pheromones produce different
responses according to their chiral sense. The bis-cyclohexyl spiro compound
known as “olean” (40), the sex pheromone produced by fruit flies, is excreted as a
racemate. The (R)-enantiomer activates males, while the (S)-enantiomer attracts
females. Other pheromones, for example, the aggregation pheromone of the
ambrosia beetle (6-methylheptan-5-ene-2-ol, “sulcatol,” 41), require the presence
of both enantiomers to be active.

It still has not been unequivocally proved that humans produce pheromones,
although the primates, our biological ancestors, certainly do so, without a doubt.
The validity of studies of menstrual synchrony in women living together is still
under debate. Nature does everything for a purpose. We would like to think that
Nature deems it important that species continue in their existence on our planet.
When we consider human olfactory hormones, one wonders about the existence
and function of pubic hair (may the author be forgiven for mentioning this very
intimate part of our anatomy). We can ponder if the large surface area of hair
provides the means for our perspiration to broadcast a physiological message to
others?

A recent 2012 study by Noam Sobel of the Weizmann Institute of Science was
conducted on a group of women who were shown a sad film that made them
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cry. Their tears were collected and the fluid was held under men’s noses. Stan-
dard laboratory statistical tests showed reduced sexual arousal and testosterone
levels in the men. Perhaps this signaled to them that “romance was now out of the
question?”

(o)
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Our gustatory (taste buds) and olfactory receptors are also sensitive to molecu-
lar chirality. The L,L-dipeptide Aspartame® (Refcode FUPFAX [38] structure listed
in the Cambridge Structural Database [39], CSD), the well-known artificial sweet-
ener, is composed of phenylalanine and aspartic acid, while its enantiomer, pre-
pared from the corresponding D-amino acids, is tasteless. When on sabbatical
leave at UCSD La Jolla, the author was told by Murray Goodman, the laboratory
director, that only he did the tasting of peptidomimetic sweeteners, since changes
like chirality radically altered the sweet taste to such a degree of bitterness that he
did not want to have his students suffer.

Not surprisingly, our olfactory receptors are also sensitive to the chirality of
the molecules that stimulate them. A pleasant fresh citrus, orange-like aroma
is perceived from (R)-limonene (42), which is a major component of the oil
extracted from citrus rinds, while the (S)-enantiomer produces a turpentine-like
odor. The carvone enantiomers, another group of cyclic diterpene natural prod-
ucts, are also used in many essential oils. The (R)-(—)-enantiomer has spearmint
fragrance, while (S)-(+)-carvone (43) smells like caraway. The odors are indica-
tive of the plant sources from which these fragrances are isolated and then
purified.

42 43
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2.2
The Importance of Chirality in Drug Therapy

The last quarter of the twentieth century saw regulatory agencies require chiral
drugs to be marketed as only one enantiomer (the bioactive enantiomer or
eutomer — from the Greek eutrophos meaning “well-nourished,” “healthy”) unless
they racemize within the body and both enantiomers are separately proven safe.
The requirement of enantiomerically pure drugs only became possible when
the manufacturing technology could produce only the eutomer, and analytical
methods became sensitive enough to assay very small amounts of the unwanted
enantiomer (the distomer) as a possible impurity in the enantiomerically pure
drug. Chiral HPLC and chiral electrophoresis are the current sensitive meth-
ods of choice for the analysis of enantiomeric purity. While solid-state NMR
spectroscopy can detect as little as 0.5% of a polymorphic impurity, it lacks the
sensitivity of the two aforementioned techniques. It should be mentioned that
the use of polarimetric optical purity as a measure of enantiomeric purity is
definitely not a reliable analytical technique since chiral (R-R)/(S-S) and achiral
(R-S) diastereomeric aggregates can form as a function of increasing analyte
concentration. Therefore, the correct analytical procedure first separates and
then quantifies the enantiomers.

Unfortunately, the distomer is not just inert, and economically wasteful “excess
molecular baggage.” Its presence may be responsible for severe deleterious side
effects, which could be very different from those arising from the eutomer.
A good example of different pharmacological activities of the enantiomers of
chiral drugs is provided by penicillamine. The D-enantiomer of penicillamine
(44, Refcode PENILA10) [40] is used for the treatment of rheumatoid arthritis
and in chelation therapy, while the L-enantiomer is toxic since it inhibits the
action of pyridoxine (vitamin B6) important for our health. Pyridoxine deficit
may cause anemia, nerve damage, seizures, skin problems, and sores in the
mouth.

The drug thalidomide is probably the most infamous drug in history. Its
history will be explained in detail (even if it is a tad biological) since it dra-
matically demonstrates the important role of chirality in drug therapy. The
(R)-(=)-eutomer of thalidomide (Refcode THALID11 [41], 45) is an effective
sedative/soporific (sleep inducer) and also an antiemetic (antivomiting drug)
for morning sickness, while the (S)-(+)-distomer was unfortunately found to be
teratogenic (teratos + gen, Greek for “monster producing”) when the racemic drug
was taken in the first trimester of pregnancy.

So, why not just prescribe enantiomerically pure (R)-(—)-thalidomide as a seda-
tive? The problem is not so easily solved, since the drug undergoes racemization
in the blood. The mechanism of embryopathy (diseases resulting from abnormal
embryonic development) of thalidomide will be briefly explained.
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But, first, there is some terminology to be presented. The production of RNA
from DNA is called transcription and is the first process in gene expression. A
promoter is a region of DNA that initiates transcription of a particular gene (a
DNA segment) and is located near that gene. Accessibility to the promoter region
is controlled by a DNA sequence-specific DNA-binding factor protein known
as a transcription factor. A gene cannot be expressed if the transcription factor
control protein is bound to the DNA promoter region. The intimate geometrical
matching of a control protein’s structure with double-helical DNA is illustrated by
the X-ray crystallographically determined structure of a complex between the Cro
gene regulating protein and a 20 bp DNA fragment; see 46. The DNA imprinted
geometry of the protein has been bioengineered by Nature to accommodate the
sequence-dependent right-handed helical geometry of the DNA duplex via inti-
mate contacts between the two interacting surfaces. Polynucleotide helix-to-coil
transitions are influenced by two helix stabilizing interactions (base-pairing and
base-stacking) but are destabilized by electrostatic interactions between charged
phosphate groups in the two polyanions that are separated by the 11 A minor
groove. Edmond Gabbay and Glaser [42] have demonstrated that small alkane-
a,0-diammonium cations bind to adjacent phosphate anions on the same strand
and thereby stabilize the electrostatic interactions between the two close-spaced
polyanionic DNA chains. Similar electrostatic interactions occur within the
DNA-bound Cro dimer transcription factor complex 46 (see Protein Data Bank
entry 3CRO [43]). The interactions arise from the protein’s high content of basic
amino-acid ammonium ions that intimately interact with phosphate anions on the
polynucleotide duplex and thereby inhibit accessibility to the promoter region.

The promoter region also contains binding sites for RNA polymerase used dur-
ing the initiation of transcription. During the first trimester of pregnancy, the (S)-
(+)-thalidomide distomer was found to specifically bind to the GC-rich promoter
region of the DNA responsible for the production of genes needed for normal
angiogenesis in developing limb buds. Angiogenesis is the physiological process
through which new blood vessels form from preexisting vessels. Unfortunately,
the gene’s decreased transcription efficiency resulted in truncation of the limb,
thus causing the neonate to be born without limbs.
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The historical aspects of the development of thalidomide will be presented next
to show how this tragedy unfolded. In the Cold War era after World War II, sleep-
lessness was a common medical problem. At that time, there was an increasing
use of tranquilizers and sleeping pills. There was a great demand for thalidomide
in Europe since it was presumed to be safe, and the fact that it was a nonbarbi-
turate sedative gave the drug massive appeal. It entered the German market in
1957, and to make matters worse, it was sold as an over-the-counter remedy due to
its maker’s safety claims. After only 3 years (1960), it was already marketed in 46
countries, and its sales almost matched those of aspirin. Advertisements touted
that thalidomide was “completely safe” even for mothers and children and “even
during pregnancy.” The pharmaceutical developers claimed that they “... could
not find a dose high enough to kill a rat.” However, its clinical trials never included
pregnant test animals, and later human females, in all the important stages of preg-
nancy.

Even more unfortunate was the fact that physicians started to recommend it
to patients for treatments unrelated to its original use as a sedative. Dr William
McBride, an Australian obstetrician, found that the drug also alleviated morning
sickness and recommended it to his patients. By then, the stage had been set for a
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horrible human tragedy. In 1961, Dr McBride began to suspect that the drug was
associated with severe birth effects in the babies that he delivered. These unfortu-
nate babies suffered from a condition called phocomelia that results in shortened,
absent, or flipper-like limbs. By March 1961, it was banned in most countries
where it was previously sold. But, this was not before approximately 10 000 chil-
dren in Europe, Australia, and Japan were born with birth defects.

By a quirk of fate, the United States Food and Drug Administration never
approved the sale of thalidomide in America for general use. This stroke of
serendipity resulted from insufficiencies in some of the results of the clinical
trials’ testing protocols. They obviously had no premonition of the impending
disaster that was about to take place in Europe with thalidomide. FDA inspector
Frances Kelsey felt that the drug application did not contain complete and
sufficient data on its safety and effectiveness. Among her concerns was the
dearth (insufficiency) of data relating to how the drug crosses the placenta
into a developing fetus. As a result of the thalidomide disaster, FDA and other
regulatory agencies have since markedly tightened up their regulatory powers
and review procedures. They now demand that all new applications of chiral
drugs include separation of the enantiomers, followed by statistically meaningful
clinical trials of each one separately, and, finally, the marketing of only the
eutomer.

Despite thalidomide’s adverse effects, in 1962, it was found to be effective at the
Hadassah Hospital in Jerusalem for the treatment of inflammation associated with
Hansen’s disease (leprosy). Today, it is also used as a chemotherapeutic agent for
patients suffering from multiple myeloma. Thalidomide has now been approved
to treat these conditions only.

A word about clinical trials. Clinical trials (I, II, and III) are performed under
the supervision of qualified physicians upon an increasing number of patients.
Try as they do, the number of patients in the study (even if it is in the thousands
for a Phase III trial) is never truly is statistically representative of the total patient
population (with all their varied other maladies and conditions) who will begin to
take the drug during its first year of release on the market. Many approved drugs
have to be recalled when very serious side effects are discovered during this critical
first year of usage. While this text is not the venue to discuss the price of ethical
drugs (drugs prescribed by physicians or veterinarians), a word should be said that
pharmaceutical successes have to cover the investment of millions and millions of
dollars (at least $500—600 million) already spent to bring a drug to market and
then have it recalled.

Another point to be mentioned is that clinical trials are performed under
double-blind conditions, that is, neither the dispensing physician nor the patient
knows whether or not a placebo or the trial drug has been given to the patient.
This is to prevent bias on the part of the physician in the evaluation and reporting
of the testing results and also to prevent the nonunderstandable psychological
therapeutic effect of patients “successfully willing themselves” to get better. The
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final word has yet to be written on the fascinating power of the human psyche to
overcome diseases based solely upon faith and hope (the so-called placebo effect).
One last point to note is that if an experimental drug has been developed to fight
a fatal disease and a terminally ill patient is used as a subject of a clinical trial,
then placebos are certainly not used, and both physician and patient understand
exactly what has been prescribed.



3
Bonding Parameters and the Effect of Local Environment on
Molecular Structure

3.1
Symmetry Arguments and the Effect of the Environment on Molecular Structure

Symmetry arguments in chemistry are powerful tools of logic and exposition that
are used to predict identities/differences in chemical and physical phenomena
based solely upon the symmetry equivalence or nonequivalence of molecules
within their environmental surroundings. An important attribute of a symmetry
argument is that it is based only upon a symmetry comparison and never needs
to be proven. It is even said that trying to disprove a symmetry argument is a
fruitless task and is illogical to begin with. It is shown throughout this text that
the surroundings of a molecule influence the molecular structure. For example,
symmetry equivalence of two molecules also implies that their surroundings
are invariant. But, when two assumedly “identical” molecules reside in different
surroundings, then a symmetry comparison must show nonequivalence. Why?
The surroundings will influence molecular geometry to one extent or the other.
Therefore, different surroundings mean different molecular geometries and the
molecules then cannot be considered to be “identical.” However, one has to
always remember that the symmetry argument never tells us just how different
they will be (i.e., the magnitude of difference). If we know that there is structural
nonequivalence, but it cannot be measured, does this mean that the symmetry
argument is invalid? No, it just means that we must use a more sophisticated,
or more precise, or more expensive instrument to observe the very small differ-
ences. One has to remember that all numerical measurements have an estimated
standard deviation (esd) of error. One cannot discount the possibility that the
real but very small differences between two measurements might fall within their
error limits.

In addition, if we are measuring the (+ or —)-signed numbers of a pseudoscalar
phenomenon (e.g., optical rotation), then one could accidentally choose the
conditions where the measurement “just happens to be zero” (this is known
as a chiral zero). The symmetry argument predicts nonequivalence of molec-
ular structure whenever its immediate environment is varied. Therefore, by
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changing the measurement conditions either gently or drastically, an inherently
zero-number will remain that way, but not for the case of a chiral zero.

3.2
The Effect of Local Environment on Molecular Models and Molecular Structure

It is time to consider molecular structure. One should always remember that
molecular structure is based on an ensemble of atoms that continually vibrate
around their well-defined equilibrium positions in space. When we consider
molecular symmetry, we are always assuming a weighted time average of all the
vibrational substructures. Moreover, the chemical and physical properties of real
molecules are based on their time-averaged structures. To say it differently, at any
particular instant, vibrations will cause even the highest symmetry molecule to
appear to be momentarily asymmetric — but one usually ignores this. Molecular
models (whether in our mind, or held in our hand, or drawn on a computer
monitor as a result of a computational study, or arising from single-crystal X-ray
diffraction) are just abstractions based on real assemblies of fuzzy spherical
atoms in which carbon, oxygen, nitrogen, protons, and so on, are definitely not
color-coded red, blue, or white. A molecule’s structure (even that arising from
single-crystal X-ray crystallography) is only a model based on an interpretation
of experimental data. What makes X-ray crystallography typically produce
high-quality models to explain the electron density within the unit cell is the
fact that there usually are many data measurements (about 10x) than there
are unknown positional parameters to be solved. However, it should be always
remembered that not all X-ray crystallographically generated models have the
same quality. This is particularly true of macromolecular X-ray crystallography
where it is not uncommon that 15-25% of the electron density in the unit cell
still remains to be explained by the particular model. However, it is reasonable
to say that if about 10% of the electron density in the cell is still unaccounted
for, then the basic experimentally determined molecular conformation will be
known. This is true even if the precision of the three bonding parameters (bond
lengths, bond angles, and torsion angles) is still far from optimum under these
conditions.

As noted earlier, a molecule’s structure depends on the local environment
surrounding it, that is, the local environment in which it resides. One can readily
understand that, when the environments surrounding two or more molecules are
different, then a symmetry argument states that various structural determination
techniques will afford nonidentical molecular geometries. The dikedral angles of
molecular models interpreted from nuclear magnetic resonance (NMR) data are
dependent on solution-state or solid-state data acquisition conditions and the
type of solvent and temperature and may be conformationally time-averaged or
not. The NMR and X-ray crystallography determined models can be slightly, or
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completely, different since the latter are dependent on crystal growing conditions.
Different crystals may sometimes (but rarely) be found even within the same
flask, and their crystal structures can have similar or different conformations.
Clearly, crystal structures represent weighted time-averaged thermal vibrations
of the atoms. Computational models are dependent on the type of computa-
tional algorithm used, usually represent the structure at bottom of a potential
energy well, and are also dependent upon the theoretical sophistication of the
algorithms used.

The bioactive conformation in an enzyme’s active site or in a receptor’s binding
site is not necessarily the same as the NMR-based solvated models or the crystal-
lographically derived solid-state structures, but are usually within 1—-3 kcal of the
computed ground-state global minimum energy structure. Why? Nature makes
use of low-energy structures since she is uninterested in being challenged to use
high-energy structures. Since the molecular structures of granular active pharma-
ceutical ingredients (APIs) are also environmentally dependent, they may differ in
solution state or as an amorphous solid or in their “crystal form” (packing arrange-
ment) and the presence or absence of molecules of solvation. The crystal form
can also change after the pressures of tabletation, or during storage conditions
(humidity, temperature), or a manufacturing change of excipients (everything else
in the tablet except the API).

3.3
Torsion Angles and Molecular Conformation

The torsion angle between four atoms A—-B—C-D is a three-dimensional bonding
parameter. It is the highest member of the set of three bonding parameters that
includes one-dimensional A—B bond lengths and two dimensional bond angles
(A-B-C). The atoms do not necessarily have to be ligated to each other when
analyzing molecular structure. In this case, they are just interatomic distances,
angles, or torsion angles between nonbonded atoms. Torsion angles are 3D pseu-
doscalar parameters since either a (+) or a (—) sign must be affixed to the mag-
nitude of these angles. Scalar properties (such as dihedral angles) only have mag-
nitude, while pseudoscalar properties are based upon vectors that change their
sign under space inversion using the parity operator P [—x, —y, —z], which inverts
the coordinates of all the particles in a system through the coordinate origin. The
only torsion angle descriptors that are unsigned are the special cases of ideally
synperiplanar (integer-0°) and ideally antiperiplanar (integer-180°) achiral spa-
tial arrangements. All other torsion angle descriptors represent chiral arrange-
ments of the four atoms and hence must be signed. The sign of the torsion angle
A-B-C-D (or nonbonded A- - -B- - -C-: - -D) is determined by orienting the central
B—C bond to be perpendicular to the viewer and then looking down it away from
the viewer to ascertain if the tropicity (directionality) of the front substituent to the
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rear substituent is either clockwise (+)-sign or anticlockwise (—), as illustrated by
Newman projections 47 and 48, respectively. Like right- and left-handed screw-
sense, the sign of torsion angle A—-B—C-D is invariant irrespective of viewing
the B—C bond from either bond terminus (either atoms B or C facing front), as
demonstrated by 47 and 49. In comparison, dihedral angles are scalar parameters
since they have the same magnitudes as the corresponding torsion angles, but are
unsigned. For example, the dihedral angles for projections 47 —49 are the angles
between two nonparallel planes A—B—C and B—C-D that intersect at line B-C.

47 48 49

Conformational descriptors are often based upon the names or descriptors
of torsion angles. They are often used in a fuzzy manner since they can also
describe nonideal geometries. Saying that two or more molecules have the same
conformation is simply a statement testifying to their similar spatial dispositions.
It should be noted that “similar” is never a synonym for “identical.” Identical
spatial dispositions afford an ideal superimposition (congruency) of atoms where
the root mean square (RMS) superimposition difference is integer-zero. Com-
parison of anhydrate and monohydrate crystal structures of the same molecule
may show differences of as much as about 10° in some of the torsion angles, and
yet their molecular conformations can still be called “the same.” For example,
the O—C—C-N torsion angle in crystalline (+)-nefopam-HCl-anhydrate (Refcode
entry DEHSEO11 [44], 50, a nonnarcotic analgesic drug) is 57.7° and 48.8° in
the (+)-nefopam-HCl-monohydrate chiral crystal (Refcode entries DUJVUZ,
DUJVUZ10 [45]). Yet, the symmetry-nonequivalent eight-membered rings of the
two crystal structures appear to visually exhibit the “same” eight-membered ring
boat—boat conformation despite the 8.9° difference in solid-state torsion angles.
The small differences in octagonal ring conformations are seen in the very low
0.081 A RMS difference for the superimposition of corresponding atoms in the
two crystal structures. Throughout this chapter, we discuss differences between
two ideal structures versus those involving two similar nonsymmetry-equivalent
surroundings (e.g., the aforementioned low 0.081 A. RMS value). Furthermore,
we will see that a molecule’s environment also plays an important role on
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its molecular geometry. For instance, dissolving either of the two different
nefopam-HCl crystals in CD,Cl, gives a solution-state 'H NMR determined
boat—boat O—C—C-N dihedral angle of 58.3(9)° that is statistically significantly
different from the monohydrate’s 48.8° value (but statistically the same as the
anhydrate crystal’s 57.7° value). Since solution-state NMR spectroscopy cannot
differentiate between enantiomers, it is a dihedral angle (and not a torsion angle).
However, solid-state CP/MAS (cross polarization/magic angle spinning) *C
NMR spectra can differentiate between achiral and chiral crystals as well as
anhydrates versus hydrates. Furthermore, the major species in a solution-state
equilibrium need not necessarily be the solid-state structure. For example,
vicinal 3]y, spin—spin coupling constants and Nuclear Overhauser Effect (NOE)
intensity enhancements were consistent with slow exchange kinetics for the
interchange of boat-boat conformation axial/equatorial N-methyl-nefopam
diastereomers (3: 2 ratio at ambient temperature) [45]. The point to be stressed is
that the solid-state X-ray crystal structure’s equatorial N-methyl disposition and
boat—boat conformation were consistent with the minor isomer’s solution-state
NMR spectral parameters but not with those of the axial N-methyl major
solvated species [45]. More will be said later on about the phenomenon of slow
exchange kinetics for conformational interchange.

The concept of same conformation may be used in comparisons of
nonsymmetry-equivalent molecules, since it may be applied to molecules
of different atomic compositions. For example, since cyclohexane, cyclohexanol,
and cyclohexylamine are clearly different molecules (/eteromers, where hetero
and mer, respectively, mean “different” and “unit” in Greek), their cyclohexane
chair conformational geometries will never be observed to have exactly identical
bonding parameters. Therefore, the term “same conformation” is a statement of
similar but not necessarily identical spatial dispositions.
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The semiquantitative descriptors of torsion angles for four atom segments
exhibiting thermodynamically stable staggered conformations are (+)-synclinal
(in Greek: syn means “together,” and clinare means “to lean” in Latin, that is, a
four-atom segment’s termini both “lean” in the same direction) about (+)-60°
and antiperiplanar (in Greek: anti means “opposite,” peri means “periphery,”
and planar means “residing in the same plane,” that is, the peripheral atoms of
the segment are on opposite sides and are disposed in a planar arrangement)
about 180°. The torsion angle descriptors of four atom segments having less ther-
modynamically stable eclipsed conformations are synperiplanar (syn “together,”
peri “periphery,” and planar, that is, the peripheral atoms of the segment are on
the same side and reside in a planar arrangement) about 0° and (+)-anticlinal
(in Greek: anti means “opposed,” and clinare means “to lean” in Latin, that is,
the segment’s termini lean in opposite directions) about (+)-120°. Torsion angle
descriptors should be qualified so as to enable their use in a fuzzy or imprecise
manner since they refer to a spatial disposition exhibiting a step-function range of
angular values, for example, synperiplanar (0+ ~ 15°), (+)-synclinal (60+ ~ 15°),
(x)-orthogonal (90+ ~ 10°), (x)-anticlinal (120+ ~ 15°), and antiperiplanar
(180« ~ 15°). For example, a general extended staggered spatial disposition
of a molecular segment is really not perceivably different to our eyes if an
antiperiplanar-type torsion angle is actually 179° or —176° or 169°. Further
qualification can be used for angles whose magnitudes fall on either side of the
+~15° ranges noted earlier. For instance, a 24° torsion angle may be described
as “synperiplanar-like.” However, there are torsion angle values that are “very
close” (another fuzzy term) to the borderline between two distinct angular
regions. A case in point is an approximately 30° angle where the term “midway
between synperiplanar and synclinal” can adequately describe the geometry of
the segment. When molecular symmetry dictates integer values of 0°, 60°, 120°,
180°, these torsion angle descriptors are special cases and should be described as
“ideally antiperiplanar,” due to a segment’s residence in a symmetry plane, and
so on. The basic concept behind these angular descriptors is to convey a spatial
disposition to the reader/listener without recourse to a graphical representation.

Torsion angles are also symmetry dependent. Since a threefold axis of rota-
tional symmetry coincides with the C—C bond of ethane, there is no additional
reason to explain why all the staggered H-C—C—H torsion angles are alternatively
signed +360° /1, where n = 6 (i.e., integer +60°). However, once the C;-axis is not
present (e.g., as in n-butane), then one should expect that none of the synclinal
torsion angles will show the ideal integer-60° value. For example, the solid-state
cyclohexane solvate molecule within the Refcode entry FAYREE [46] crystal has
alternating signed +46(1)° C—C-C-C torsion angles. In summary, bond and tor-
sion angles of 360°/n (where n=an integer) are special numerical cases whose
existence depends upon a molecular symmetry. When symmetry does not per-
mit these special values to exist, then “general” values either “closer to” or “farther
from” the ideal will be found.
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There are stereochemical terms such as rectus, sinister, gauche, and so on,
which are commonly used today due to historical precedent, but have a second
emotional often prejudicial social connotation often applied to trusted or feared
acquaintances or revolutionaries versus the conservative political elite. Perhaps
these terms refer to a time in our past history where “simple” common people
could not understand why left-handed people were different from the majority.
An intolerant simpleton might have thought that they were “possessed by spirits.”
The well-known term “gauche” when applied to a person’s social behavior is not
a compliment in France. Some of these terms such as “rectus,” and “sinister” can
be readily changed to dextro (dexter in Latin means “right”), and levo (laevus in
Latin means “left”), while gauche can be replaced by synclinal.

3.4
Symmetry Considerations of Atomic Orbital Hybridization and Bonding Parameters

Hybridization of atomic orbitals is also based on symmetry. It is common practice
in introductory chemistry courses to affix sp®, sp?, and sp hybridization descrip-
tors to all “tetrahedral,” “trigonal,” or “linear” bonding arrangements irrespective
of their particular symmetry or lack thereof. The integer-3, 2, or 1 hybridization
indices (“x”) in “sp*” are actually “special cases” due to molecular symmetry and
are derived from the Valence Shell Electron Pair Repulsion (VSEPR) paradigm.
These ideal superscript values are the result of special geometries exemplified by
a T,-symmetry regular tetrahedral carbon bound to four identical ligands (CL,,
e.g., CH,), or a Ds,-symmetry trigonal flat carbon with three identical ligands
(CL;, e.g., [CO;]72), or a D ,-symmetry palindromic linear carbon with two
identical ligands (CL,, e.g., CO,) [47]. Lowered symmetry in “tetrahedral-like,”
“trigonal-like,” and “linear-like” bonding arrangements requires the use of non-
integer x-values for the sp* atomic orbitals (AOs) of a particular bond, and this is
the general case. Similarly, bond angles of integer-360°/n, where n =2 or 1, can
only arise from the respective trigonal and linear special geometries noted earlier,
while regular tetrahedral atoms (where n = 3) have six identical bond angles of
arccos(—1/3) [47].

Mislow has discussed the use of !J;; heteronuclear coupling constants mea-
sured in a nonproton decoupled 3C NMR spectrum to calculate the percent
of s- and p-character of the carbon atom’s sp* hybrid AO contribution to the
C-H bond, where x is the hybridization index [47]. It is the noninteger x-values
that give rise to nonideal bond angle values. A good example is the bond angles
in the crystal structure of C;-symmetry antiperiplanar conformer n-butane
in Refcode entries DUCKOBO04 [48] and ESILOI [49], measured, respectively,
at 90 and 185K. The crystal structures exhibit two different sets of internally
inversion-symmetry-equivalent C(methyl)—C(methylene)—C(methylene) bond
angles at each temperatures. An internal comparison is one between segments
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within the same molecule, while an external comparison is one between segments
residing in different molecules. The 113(1)° average value for the two structures
is certainly not the ideal tetrahedral angle, nor should it be, since no butane
carbon has ideal sp® hybridization. The corresponding symmetry-equivalent
H-C(methylene)-H bond angles are 107.9(2)°. These C—C—C and H-C-1 bond
angles are typical for unstrained straight-chain alkanes and are readily explained
by the symmetry argument that none of the carbons exhibits true 7,;-symmetry.
A chemical argument based upon the relative steric demands of the C and H
atoms must then be promulgated to explain the opening of the C—C-C bond
angle (vis-a-vis the ideal regular tetrahedral angle) and the subsequent closure of
the H-C—H angle.

C-L bond lengths will obviously be symmetry equivalent only in an ideal tetra-
hedral, trigonal, or linear bonding arrangement. The difference between ideality
and structural reality is seen in some molecular modeling programs. Ideal tetra-
hedral, trigonal, and linear geometry building blocks are often used to readily con-
struct an initial (nongeometry optimized) model. To convince oneself that these
idealized bonding geometry models are inappropriate for the molecule’s actual
symmetry, a so-called “zero-point energy” calculation is performed. This method
simply calculates the input structure’s energy while keeping the ideal-geometry
building-block atoms invariant in space. Once this is performed, a full geometry
optimization (energy minimization) calculation is then made. In the molecular
graphics window, one observes the molecular structure change to a more realistic
geometry as the energy decreases to its minimum value.



4
Historical Development of Structural Chemistry: From
Alchemy to Modern Structural Theory

4.1
Hemihedralism in Quartz Crystals: Setting the Stage for the Birth of Stereochemistry

Let us examine a crystal. We are at once interested by an equality between
the sides and between the angles of one of its faces: the equality of the sides
pleases us; that of the angles doubles the pleasure. On bringing to view a
second face in all respects similar to the first, this pleasure seems to be
squared; on bringing to view a third it appears to be cubed, and so on. I
have no doubt indeed, that the delight experienced, if measurable, would
be found to have exact mathematical relations such as I suggest; that is to
say, as far as a certain point, beyond which there would be a decrease in
similar relations.

Edgar Allen Poe (1809-1849), Rationale of Verse, 1843.

The esthetic pleasures that most people experience upon beholding the beauty of
crystalline minerals have undoubtedly played an important role in stimulating the
development of stereochemistry as a scientific discipline. It is thus fitting to dwell
upon some of the historical aspects of early structural chemistry in a chapter such
as this. The tenets of stereochemistry, recognized today as part and parcel of our
daily scientific endeavors, did not just drop out of the sky. Throughout the years of
the nineteenth and twentieth centuries, discoveries of new concepts and explana-
tions, followed by their public dissemination, stimulated additional discoveries.
As a result of this, the foundation of knowledge and logical thought grew and
broadened.

The sensation of awe and wonder derived from the symmetry of quartz crystals
(the most common mineral on earth) prompted many early scientists to inves-
tigate their properties. Having said this, we will begin a discussion on the con-
tribution of quartz crystals toward the inspiration of the scientific community at
the turn of the eighteenth century. Astronomers in those times ground their own
telescope lenses from quartz crystals (rock crystal or “bergkristall”) due to the
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generally poor quality of factory-made glass at that time. The crystal habit (exter-
nal form) of almost all of these crystals gave the mistaken appearance that they
were centrosymmetric, that is, achiral by virtue of an “apparent” center of inver-
sion. Most of these hexagonal shaped double-headed crystals “seemed to have” D,
achiral symmetry (51), while a few “appeared to have” higher D, achiral symme-
try (52). This impression arose from the holohedral faces of the crystal (from the
Greek holos, whole or entire) bearing descriptors m, , and z. Holohedral means
that there are as many plane faces as required for complete symmetry described
by one of the seven crystal systems (i.e., the triclinic, monoclinic, orthorhom-
bic, tetragonal, trigonal, hexagonal, and cubic lattice systems). Finding a double-
headed quartz crystal is quite unusual compared to the ordinary “garden-variety”
single-headed crystals broken off from their nucleation site within a geode cavity’s
interior. The exception to this are the beautiful, but somewhat irregular, double-
headed so-called “Herkimer diamonds” found in cavities within a gray porous
fossilized sand matrix in the vicinity of Herkimer, in the Mohawk Valley of central
New York State between Buffalo and Albany.
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Before we continue, it is time to introduce some terminology that we will use in
the following paragraphs. The adjective enantiomorphous (enantio and morphous,
respectively, mean “opposite” and “form/shape” in Greek, where opposite is used
in the sense of nonsuperimposable mirror image) was proposed by the German
crystallographer Carl Friedrich Naumann in 1856 [50]. It should be noted that in
those days a crystallographer was someone who studied crystals. Today, when we
say “crystallographer,” most of us mean a “single-crystal or powder X-ray diffrac-
tion crystallographer.” In other words, nowadays, a crystallographer is usually
someone who uses an X-ray beam to investigate their diffraction from single crys-
tals or from ground powder. The term enantiomorphs is usually used to describe
nonsuperimposable mirror image objects in our macro-world, while enantiomers
are applied to the realm of molecules. The use of the adjective enantiomeric first
appeared in 1915, while the noun enantiomers appeared in the literature only in
1926 [50].



4.1 Hemihedralism in Quartz Crystals: Setting the Stage for the Birth of Stereochemistry

In 1801, the French mineralogist René Just Hatiy noted the presence of certain
small facets (crystal faces) that reduced the symmetry of quartz crystals. Today,
these are known as hemihedral faces since the crystal exhibits half the number of
planes required for the symmetry of the holohedral form. Compare the more com-
monly observed D,,; pseudosymmetry achiral habit of hexagonal shaped double-
headed quartz 51 with the much less frequently found D;-symmetry chiral habit
of left-(53) and right-handed quartz (54) idealized models. Haiiy did not remark
about the faces appearing to be related as nonsuperimposable mirror images (i.e.,
enantiomorphic). This might have been due to irregular crystal geometry aris-
ing from the presence of one of the three hemihedral face (facet) subtypes for
quartz (vide infra) or from the different ordinary D,, versus less common Dy,
pseudosymmetric crystal habits for quartz crystals. The author can testify that
after years of going through endless “rock shops,” it is a very rare day when a hemi-
hedral quartz head is found that enantiomorphically matches one of the examples
in his own collection. Haiiy did notice that in some of the quartz crystals, the
hemihedral facets leaned to the right, and in others, to the left, when he viewed
the crystals in a consistent manner. He used the adjective “plagihedral” (from pla-
gio, meaning “oblique” in Latin, that is, neither perpendicular or parallel to a given
line or surface) to describe these oblique facets but did not recognize the enan-
tiomorphism produced by the facets in such crystals.

The fact is that the phenomenon of “enantiomorphism in quartz” was unknown
when Haiiy first noticed these hemihedral faces on some of the quartz crystals
he was studying. As opposed to holohedral faces, hemihedral faces do not have
a centrosymmetric partner on the other side of the crystal. There are three types
of &’-, u'-, and s’-hemihedral faces. But, most quartz crystals do not express these
faces at all. Those that do usually have only face per crystal rather than the multiple
faces in the idealized models 53 and 54. It is extremely doubtful if real specimens
exist whose habits match those of the models.

In accord with the Cj-axis for D, chiral pseudosymmetry (D5 =C, +3C,) of
ideal double-headed single crystals, a C,-axis on the crystal’s equator should
appear at each midpoint of the six vertical edges. A C,-axis on one side of the
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crystal goes through the midpoint of the common edge between two holohedral
m-faces with r-face termini, see 53, 54. This axis exits the crystal at the midpoint
of an edge linking two hemihedral x’-faces. This leaves the remaining three
equally spaced vertical edges without contact with any of the hemihedral faces.

Hatiy may be rightly referred to as the “Father of Crystallography.” The noted
crystallographer Howard D. Flack [51] published an excellent review of Pasteur’s
crystallographic and chemical work in 2009. It is apparent to many readers of this
paper that Haily developed many of the basic ideas of crystallography that have
withstood the test of time. He explained crystal matter in terms of atomism, which
was in vogue in France at that time, and is associated with such luminaries as
Lavoisier and Laplace. His thoughts of repetitive subdivision of a crystal led to the
idea of a geometrically well-defined basic structural unit for a crystal, which he
referred to as “molécules intégrantes.” This is what we now consider to be the unit
cell translational repeat unit of a crystal. According to Haily, units were to be put
together into parallelepipedal building blocks to form layers producing a geomet-
rically regular shape (now referred to as a periodic lattice). In 1809, he proposed
that the external shape of a crystal was intimately connected to the internal shape
of the repeating unit (Hatly’s theorem).

The brilliant French astronomer, mathematician, physicist, and chemist Jean-
Baptiste Biot was elected to the French Academy of Sciences at the tender age
of 29. Using plane polarized light, recently discovered by Etienne Louis Malus in
1808, Biot developed the polarimeter instrument, which used the intense yellow
doublet band emission of sodium light centered at 4 =589 nm (referred to as the
sodium-D line, A, “D” for doublet) as a monochromatic light source. In 1813,
the already renowned Biot, working with the French astronomer Francois Arago,
made a very significant discovery using his polarimeter to investigate specimens
of quartz plates. He found that quartz plates cut at right angles to the crystal axis
rotated the plane of polarized light through an angle proportional to the thickness
of the plate. Unaware of Haily’s observations 2 years earlier, it was not understand-
able why quartz crystals could be divided into two subgroups: plates that rotated
the plane of polarized light to the right (dextrorotatory) and those that rotated the
light to the left (levorotatory).

In 1815, Biot reported his polarimetric measurements on what we now refer
to as matural product organic molecules (e.g., ethanolic spirits of turpentine,
laurel, camphor, and aqueous sugar solutions) and showed that such substances
also rotated the plane of polarized light, crucially, in the noncrystalline state,
that is, in solution or in the neat liquid or, in one instance, even in the gas
phase. Among Biot’s findings was that aqueous solutions of Weinsaure (German
for “wine acid” — now known as D-(+)-tartaric acid) were dextrorotatory (+)
when irradiated with plane polarized light at A =589 nm. He referred to these
materials as being “molecularly active.” Much later on, he found that a mysterious
substance, thought at that time to be an “isomer” of (+)-tartaric acid, was optically
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inactive (vide infra). This material was called “acide racémique” (racemic acid)
and was also referred to as “paratartaric acid,” a name coined by Berzelius.

One of Biot’s most important discoveries was the quantification of optical rota-
tion measurements on the aforementioned solutions. He found that the degree
of rotation of plane polarized light was directly proportional to the concentration

and path length of the samples. Today, this is known as Biot’s law, which is given
T

« _»

as a = [a],7cl, where “a” is the degree of rotation of plane polarized light, [«],
is the measurement wavelength and temperature-7-dependent specific rotation
constant, “c” is the concentration in g/100 ml, and “/” is the path length in decime-
ters. Note the close similarity to the Beer—Lambert law of energy absorbance:
A=e],Tcl, where “A” is the optical density or absorption of light and [¢e],T is
the measurement wavelength and temperature-T-dependent absorption coeffi-
cient constant. Rotation of plane polarized light, better known as circular bire-
fringence, will be explained in detail later on.

In 1821, the English astronomer Sir John Herschel performed a careful mor-
phological study of quartz crystals. He recognized a relationship that Biot had
missed, namely, that there was a correlation between Haiiy’s right- or left-leaning
plagihedral facets, on the one hand, and the direction of optical rotation by
quartz plates observed by Biot. That is, Herschel found that slices from left
plagihedral-face crystals rotated polarized light consistently in one direction,
while plates cut from right plagihedral-face crystals consistently rotated the light
in the opposite direction. For the first time, the direction of rotation could be
linked with an observable property (the handedness of the plagihedral faces of
the quartz crystals). Today, one uses the term hemihedral rather the more erudite
plagihedral of that time.

However, even Herschel did not note that the plagihedral facets produced enan-
tiomorphism in the crystals, perhaps because they were likely to have been of
different dimensions and were probably far from being consistently the same in
the shape and size of their expressed faces. In addition, it is highly likely that the
quartz crystals also might have shown different s-, u-, or x-hemihedral subtype
faces. Due to the foundation of knowledge provided by these pioneers of chem-
istry, and others, all of us are much more sophisticated today in defining and in
recognizing spatial relationships. However, one has to remember that in those
days, such basic concepts as “enantiomorphism” and “enantiomerism” and even
“molecular structure” were yet to be discovered.

4.2
Tartaric Acid and Alchemy

(+)-Tartaric acid is isolated from a substance called tartar, which is crude potas-
sium hydrogen (+)-tartrate that precipitates during the fermentation of grape
juice. It was first reported in about 800 AD by the prominent Persian alchemist
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Abu Musa Jabir Ibn Hayyan (from Arabic ibn, “son of” Hayyan and abu, “father
of” Musa, from the Hebrew name “Moshe,” later Anglicized to “Moses”). The
Latin version of the Persian name Jabir, from the Arabic jaaber meaning “(the)
conciliator, consoler, or comforter,” was written as “Geber” in early European texts
and most likely pronounced as “jeh-bear.” Jabir also discovered antimony and bis-
muth, and among his many notable written works is his Katab Al-Kimya (literally
“Writings on Alchemy”). He was a true polymath (a person whose expertise spans
many fields) since he was a chemist and alchemist, astronomer and astrologer,
engineer, philosopher, physicist, pharmacist, and a physician. He lived during
the Golden Age of Arab culture, when Hebrew translators provided the human
interface for transfer of knowledge written in Arabic into Latin for the scholars
in medieval European monasteries. Many of them lived in Moorish Al-Andalus,
later Christian Andalusia, until their expulsion from Spain by Ferdinand and
Isabella in 1492. Many families to this day still bear the last name of Turjeman,
now associated with a “translator” (but in Hebrew, this was also the name for a
Talmudic spokesman who repeated a rabbi’s lesson for all the students to hear).

4.3
Hemihedralism in Crystalline Tartaric Acid Salts: The Birth of Molecular Chirality

The first modern report on the isolation of crystalline tartaric acid was in 1769 by
a Swedish pharmaceutical chemist named Carl Wilhelm Scheele. His raw mate-
rial was also the thick crusty tartar fermentation residue from wine production.
As an interesting anecdote, the writer Isaac Asimov had dubbed him “hard luck
Scheele,” since a number of his very important chemical discoveries were cred-
ited to others who had the good fortune to publish their results before he did.
For example, in today’s parlance, he was “scooped” by Joseph Priestley for one of
his most notable discoveries, oxygen, before he could get his findings in print.
There is a lesson here to learn from this for all of us, as often “time is of the
essence.”

(+)-Tartaric acid (Refcode TARTALO4) [52] was used in large quantities in the
textile industry as a mordant (from mordre, which in French means “to bite”).
Mordants form coordination complexes with dyes, which then bind to the fabric.
Hence, it was produced industrially on a large scale in France, and elsewhere, to be
sold as large milky crystals. In 1819, a strange incident occurred during the pro-
duction of tartaric acid at a chemical factory (Fabrique de Produits Chimiques,
SA) owned by Philippe-Charles Kestner in Thann, France. He did not own vine-
yards, but purchased the raw tartar that was deposited inside fermentation vats
of European vineyards. Upon purification of one particular batch of raw material,
several hundred kilograms of crystalline by-product was isolated. It was quickly
noted that its solubility differed from that of the normal tartaric acid product, and
it was originally thought that it might be oxalic acid. Much later, it was shown
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that a reasonable explanation for the formation of the new acid by-product might
have been that the temperature in one of the purification stages was too high.
Indeed, it was later found that overheating (160—170°) engenders both racemiza-
tion and epimerization under these conditions. The former process interconverts
(+) and (—)-enantiomers, while the latter generates a diastereomer (an epimer)
resulting from inversion of only one of tartaric acid’s two stereogenic atoms. A
common example of a “stereogenic” atom, but not the only one, is a maximally sub-
stituted tetrahedral atom (i.e., one with four different substituents) where a spatial
exchange of any two substituents generates a new stereoisomer (see the following
separate section on Stereogenicity and Local Site symmetry). Why meso-tartaric
acid was not reported at that time remains a mystery to this day. Perhaps it was
formed in very small quantities and was lost in the purification process due to
solubility differences?

Seven years later, in 1826, the French chemist and physicist Joseph Louis Gay-
Lussac (known for his two laws related to gases) visited Kestner’s factory since
he was intrigued upon hearing reports of the new acid and received a sample
to study. The conventional wisdom at that time was that elemental composition
uniquely characterized every chemical substance. However, the elemental com-
position (empirical formula, “the” analytical method available at that time) of the
new acid was found to be exactly the same as that of (+)-tartaric acid. In 1828, in
Principes de Chimie, he reported his findings that the elemental composition of the
material was the same as that of (+)-tartaric acid and suggested that it be called
acide racémique (Refcode ZZZDUI [53], racemic acid, from racemus, the Latin
term for “a cluster of grapes”— -since its source was also from wine). Another ana-
lytical tool available at that time was the polarimeter, and Biot used it to observe
that solutions of racemic acid did not rotate plane polarized light.

In 1830, the Swedish chemist Jons Jacob Berzelius developed the important
concept of isomerism. It was based upon finding identical empirical formulae
for a number of pairs of molecules exhibiting different physical properties. For
example, Justus von Liebig in 1822 determined the elemental composition of an
explosive, silver fulminate [AgC=NO], while Friedrich Wohler found the same
composition for a stable silver salt of cyanic acid (silver cyanate [AgOC=N]). In
1828, Wohler synthesized urea [H,NC(=O)NH,], which had the same empirical
formula as ammonium cyanate [NH,OC=N] salt. The difference in optical
rotation of tartaric and racemic acids was yet another known example. As an
aside, Berzelius apparently was not very fond of using the term “acide racémique,”
and renamed it “paratartaric acid.” It was Berzelius who found that there were
solubility differences between the two acids. He noted that to dissolve paratartaric
acid required a quantity of water equal to five times the weight of the crystals,
while dissolution of (+)-tartaric acid occurred with a weight of water equal to
only one-half of that of the crystals. These findings, and others, were the impetus
for Berzelius to promulgate his concept of isomerism. In 1831, he asked Eilhardt
Mitscherlich, a German chemist (later to be called the “Prince of Prussian
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chemistry”), to prepare and investigate the salts of the two isomeric acids isolated
from grape fermentation. Mitscherlich wrote to Biot in 1844 and informed him
that not only were the empirical formulae of the sodium ammonium salts of the
two diacids identical, but also a morphological study of their crystals showed
no discernable difference, that is, the habits of sodium ammonium double salt
crystals prepared from the two acids appeared to be isomorphous and differed
only in their optical activity and solubility.

After Herschel’s discovery, the conventional wisdom at the time was that optical
rotation and crystal habit were somehow linked, although the optical rotation of
liquid natural products, such as oil of lemon, still remained a mystery. Biot rec-
ognized that the rotation of plane polarized light was a function of the nature
of dissolved molecules in liquids, while it was a function of the physical proper-
ties of the crystallized form of minerals. Furthermore, while the optical rotation
of cooled molten quartz disappeared (it became amorphous), that from dissolved
(4)-tartaric acid still remained.

Mitscherlich’s report of isomorphic crystals for both the optically active sodium
ammonium tartrate (tetrahydrate Refcode SATARTO3 [54], P2,2,2 chiral space
group, D-(+)-55-symmetry-equivalent light gray oxygen added) and the inactive
racemate was an enigma to Biot and to others steeped in the French scientific
tradition of crystal-optical studies. Mitscherlich asked Biot to communicate his
findings to the Académie des Sciences Francaise. Biot was intrigued by Mitscher-
lich’s work and experimentally confirmed Mitscherlich’s claim concerning the
optical activity differences between the tartrate and paratartrate salts. However,
Biot did not repeat Mitscherlich’s crystallographic measurements, which showed
the complete crystallographic identity of the two salts. Biot was also unable to
explain Mitscherlich’s findings. In retrospect, Biot (whose main interest was
optics) was not a crystallographer with experience in observing and measuring
the facets of crystals.
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In 1848, a promising young French scientist named Louis Pasteur undertook
detailed studies of the crystallography of (+)-tartaric acid, racemic acid, and a
series of their salts. These studies of Pasteur were primarily prompted by Auguste
Laurent (1807-1853), described by Mauskopf [55] as one of the greatest French
chemists of the nineteenth century. Pasteur had already proved his scientific
abilities with his work on dimorphism in crystals of saltpeter (potassium nitrate).
He crystallized it in a round-bottom flask and obtained rhomboid crystals in
the center and hexagonal prisms at the edges. This phenomenon in modern-day
crystallography is known as polymorphism since different crystal forms can
be found under diverse crystallization conditions and sometimes even in the
same vessel. Polymorphism is the existence of more than one crystal packing
arrangement. Since polymorphic crystals are different (i.e., diastereomorphous,
nonsymmetry equivalent), it is no surprise that this gives rise to dissimilar
solid-state properties (e.g., melting point, solubility, density, unit cell param-
eters, solid-state NMR, X-ray powder diffraction patterns). The well-known
crystallographer Walter C. McCrone stated, “every compound has different
polymorphic forms, and that, in general, the number of forms known for a given
compound is proportional to the time and money spent in research on that
compound” [56].

Biot managed to obtain a small quantity of the then ‘world’s supply’ of racemic
(paratartaric) acid for his young colleague Pasteur and let him use his polarime-
ter. Pasteur worked in the Ecole Normale Supérieure de Paris laboratory of Prof.
Antoine Jérome Balard. As was common practice at that time, he also performed
his own independent research as well as that for the senior professor.

Pasteur set out to undertake a systematic crystallographic and optical-
rotational study of (+)-tartaric and paratartaric acids, as well as a series of
their salts. His findings can be generalized as follows: crystals derived from
(+)-tartaric acid and its salts were found to have hemihedral facets and their
solutions were optically active and dextrorotatory, while those from paratartaric
acid, with one exception, had holohedral morphology and their solutions were
optically inactive. The important point is that the habit of the one exception
(sodium ammonium paratartrate) differed from those of the other salts of
paratartaric acid. That is, sodium ammonium paratartrate also had hemihedral
facets. Now, Pasteur was aware of the findings of Mitscherlich, but, reports
state that he was very disappointed in observing hemihedral facets in the
paratartrate salt. Since solutions of this sodium ammonium salt were also
optically inactive, he expected that these crystals would also be holohedral, as
were all the other paratartrate salts that he had studied up to that point (and
also the parent paratartaric acid itself). He decided to take a second look at the
sodium ammonium paratartrate crystals. It is known that Pasteur’s eyesight
was poor, which necessitated him wearing thick-lens glasses. From this we can
imagine that he probably held the crystals close to his glasses as he carefully
examined them. As he was a crystallographer, he lined all the crystals up in a
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particular systematic orientation according to crystallographic protocol. Pasteur
found that he could organize the crystals into two groups. His crystallographic
background enabled him to recognize nonsuperimposable mirror-image facets
when he saw them. In other words, he realized that the two kinds of crystals of
sodium ammonium paratartrate had nonsuperposable mirror-image morphol-
ogy, that is, they were enantiomorphous, as we say today. It should be pointed
out in this context that, in a broader sense, Pasteur’s discovery of molecular
chirality was clearly rooted in the French scientific traditions of the first half
of the nineteenth century, specifically crystallography, optics, and chemical
structuralism [50].

Why did crystallization of so many paratartrate salts and the parent acid yield
achiral crystals? We now know that 90% of the crystallizations of racemic mix-
tures yield achiral crystals called racemic compounds. These crystals contain both
enantiomers in equal quantities and in well-defined lattice locations. Only about
10% of the time does the crystallization produce a spontaneous resolution that
yields a mechanical mixture (conglomerate) of (+)- and (—)-enantiomorphous
chiral crystals. In most cases, there is only one molecule in the asymmetric
unit (the smallest molecular entity that will generate the entire 3D packing
within the unit cell translational repeat unit using all the symmetry operations
of the space group, with the exception of translation). A detailed discussion of
asymmetric units, unit cells, and crystallographic symmetry will be presented
later on. Suffice it to say that since the crystals are chiral, then their space
groups must also be chiral. As a result, all the symmetry operations of the
chiral space group must also be chiral. Having said this, it stands to reason
that the chiral single molecule within the asymmetric unit cannot coexist with
its enantiomer in the unit cell’s other asymmetric units as the space groups
of these crystals lack symmetry operations of the Second Kind that invert the
molecule’s handedness. Therefore, only one handedness of a chiral molecule
may reside within a chiral crystal. Where then is the enantiomer? The enan-
tiomeric molecule must reside within the enantiomorphous crystals of the
conglomerate mixture. The packing of (+)- and (—)-molecules together as a
racemic compound can never ever be identical to the packing arrangement
within chiral crystals containing only one enantiomer. This is the reason why
all the physical properties that are 3D solid-state packing-dependent must be
different for the racemic compound achiral crystal versus a chiral crystal of the
conglomerate.

1848 was a year of political and social turmoil in France and in Europe in gen-
eral. Nonetheless, Pasteur worked on in April 1848 and performed detailed mor-
phological examinations of the sodium ammonium (+)-tartrate and paratartrate
double salt crystals that were not only based upon subjective visual examina-
tion, but also included quantitative studies on the crystal’s geometry. To do this,
crystals were mounted on a goniometer (from the Greek gonia, angle; an optical
instrument for measuring angles between crystal faces). Pasteur observed that
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one of the crystal facets was longer (hemihedral face /) than the others. This
gave the sodium ammonium (+)-tartrate and paratartrate crystals an asymmet-
ric appearance (like those of quartz) since the /-hemihedral face was to either to
the left or to the right of the adjacent 7- and P-holohedral faces (see left-handed
56 and right-handed 57). Moreover, he noted a correlation between the right-
hand disposition of the elongated face and the maintenance of this asymmetry
when the (+)-tartrate double salt crystals were dissolved to afford a dextrorotatory
solution. This was the first time that anyone had observed that sodium ammo-
nium tartrate double salt crystals were “dissymétrique,” that is, the archaic and
sometimes confusing term for “chiral” (introduced with that meaning by Pasteur
himself).

Since the crystals were fairly large, with patience he was able to perform a man-
ual separation. This was followed by measuring the optical rotation of solutions of
equal concentration on the Biot polarimeter. To his delight, the left-handed crys-
tals rotated plane polarized light to the left, while the others rotated the light to
the same extent but in the opposite direction. To make it even better, when equal
volumes of the two solutions were mixed, optical rotation was not observed. While
this fantastic discovery is known as the birth of molecular chirality, the concept
of a molecule’s structure was still an enigma in 1848.

It should be noted that there was some degree of serendipity in Pasteur’s land-
mark discovery, since sodium ammonium paratartrate double salt was later found
to exist in a second crystalline form. The first discovered chiral crystals would
today be called Form 1, as at a later date, crystallization at temperatures greater
than 28° of the same racemic sample afforded an achiral crystal monohydrate
containing both enantiomers (Refcode NAMTRB [57], P2,/a monoclinic achiral
space group, D-(+)-dianion is depicted on the right side of (+)-58, Form 2 in today’s
parlance). Nowadays, the mechanical mixture of enantiomorphic Form 1 (+)- and
(—)-crystals is known as a conglomerate of chiral crystals, while the achiral Form
2 crystals are the more prevalent solid-state racemic compounds.
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Real-estate agents are known to say that three things are important in buying
or selling a home: “location, location, location.” When one considers that diethyl
ether boils in an Erlenmeyer flask placed on the bench top in a laboratory with a
broken air conditioner here in the Negev Desert, then it is clear that Pasteur would
not have made his discovery while working under these conditions.

Publishing scientific results in those days was not as it is today (there were no
peer-reviewed journals). Instead, French scientific custom demanded that new
important findings be announced by one of the members of the French Academy
of Sciences. Pasteur contacted his friend, the now aged Biot, who then told him
“I will be glad to verify your experiments with you when you have written them
up, if you are willing to send them to me confidentially.” Pasteur rationalized
that if he could convince the illustrious Biot, then he could gain the support
of a very important and influential patron who could help his scientific career
progress.

Biot asked Pasteur to repeat the entire crystallization process from scratch
(as well as the optical rotation measurements). Biot even prepared the sodium
ammonium paratartrate double salt solution himself and verified that it was
optically inactive. Biot witnessed each and every step. As luck would have it,
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hemihedral-faced enantiomorphic chiral crystals were indeed obtained, and the
wondrous polarimetric measurements were also duplicated. Legend has it that
there were tears in Biot’s eyes after witnessing the rotation experiments. He took
Pasteur by the arm and said “My dear boy, I have loved science so much all my
life that this stirs my heart.” It was now very clear to both that Pasteur had made
an extremely important discovery, despite the fact that knowledge in structural
chemistry was quite primitive in those days. On 22 May 1848, Pasteur read his
first memoir on his discovery to the Académie des Sciences [57a]. In October
1848, a commission appointed by the Académie (consisting of Biot and other
distinguished scientists including the celebrated chemist Jean-Baptiste Dumas)
presented a highly favorable report on Pasteur’s chirality work affording Pasteur
the recognition he so much deserved [57a].

In lectures made after his discoveries were announced, Pasteur compared
his work with what was known about quartz crystals. He noted that the hemi-
hedral right- and left-handed quartz crystals lost their optical activity upon
melting and subsequent solidification into what we now know is an amor-
phous “frozen-liquid”. This is exactly what happens to quartz sand crystals
in the manufacture of glass. On the other hand, he added, while the chiral
morphology of the hemihedral (+)-tartrate crystals was lost when they were
dissolved, the resulting solution of the same substance retained its chirality. He
reasoned that it was the arrangement of the atoms within the quartz crystals
that was dissymmetric and that melting the crystals destroyed this arrangement.
Moreover, he went on to state that it is the molecules of tartaric acid that are
themselves dissymmetric, and hence they keep their chiral geometry when the
crystals are dissolved. This was quite a quantum leap in molecular structure
theory for that time, since in a later section we will see how primitive the
molecular representations were when they first started to be proposed 20 years
after Pasteur’s discovery of molecular chirality. Once again, one must admire
Pasteur because his 1848 findings were made at a time when molecular model
sets were unknown, 3D molecular structure could not even be contemplated,
and very basic concepts and nomenclature (that we take for granted today)
were unheard of (such as the tetravalency of carbon, tetrahedral carbon atom
geometry, nonsuperimposable mirror images, enantiomers and diastereomers).
In closing this historical section dealing with the birth of molecular chirality
and stereochemistry, one should note that in his lectures, Pasteur seems to have
recognized a difference between asymmetry and chirality (or dissymmetry, as he
called it). This conclusion is based on the fact that he did not use the terms asym-
metry or asymmetric in his writings, and lectures, to refer to the phenomenon
of dissymmetry. The author strongly recommends the writings of Joseph Gal,
a renowned chemical historian, to all those readers interested in more details
of the Pasteur story and of the times in which he performed his experiments
(50, 58].
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4.4
Gift for Prelog’s Retirement: A Matched Pair of u’,x’-Hemihedral Faced Right- and
Left-Handed Quartz Crystals

Photograph 59 shows a pair of left- and right-handed quartz crystals with hemi-
hedral " and ' faces. This photograph was a gift to the author from the Nobel
laureate during a visit on 17 August 1982. The morphologically matched crys-
tals had been presented to Prelog by his present and past students and colleagues
upon his retirement from the Swiss Federal Institute of Technology (ETH) in 1976.
Vladimir Prelog received the 1975 Nobel Prize in Chemistry for his research into
the stereochemistry of organic molecules and reactions. Among his many achieve-
ments is his work with Cahn and Ingold on the use of R,S-descriptors for describ-
ing the absolute configuration of organic molecules. Prelog shared the Nobel Prize
with John Cornforth, who was honored for his work on the stereochemistry of
enzyme-catalyzed reactions.

Photographs 60 and 61 (by Yael Glaser) show large elongated skewed diamond-
shaped s’-hemihedral faces in an almost matched pair of left- and right-handed
quartz crystals from the author’s private collection. It obviously is much more of a
challenge to observe the particular handedness of the s’-hemihedral-faced chiral
crystal heads 60 and 61, although it certainly is possible with prior knowledge.
Look carefully at the diamond-shaped faces in the figure and you will find that the
right-side vertex of s'-facet diamond in 60 is higher than the left side, while the
higher and lower side vertices are reversed in 61. This observation will usually not
help our eyes unequivocally ascertain the handedness of these chiral habit quartz
crystals. However, there is another trait of the s’'-facet that is more definitive.
It is very common to observe parallel striation lines in these faces by holding the
crystal up to a light and slowly rotating it so that the s'-facet shines. The lines go
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from (lower-right) — (upper-left) in left-handed 60, while they are reversed in the
enantiomorphous right-handed 61.

Finally, before leaving the subject of quartz morphology, the subject of twinned
crystals should be mentioned. Carefully compare double-headed quartz crystal
62 (called a Brazilian twin) with the doubled-headed models 53 and 54. There
is a subtle difference between the real crystal and the models. Can you find it?
Models 53 and 54 represent single crystals of the type required by X-ray crystal-
lography, but 62 does not. Crystal 62 is twinned since every vertical edge contacts
an x’-hemihedral face (rather than every other edge in 53 and 54). In terms of
morphological symmetry, note something else, the C,-axes in models 53 and 54
transverse vertical edges having hemihedral faces on both termini. But, the C,-
axis in twinned 62 is located in the middle of the holohedral m-face. Twinned
crystals were once the bane of crystallographers due to pairs of double reflec-
tions that are very close together as opposed to only one spot. Nowadays, with the
advent of charge-coupled device (CCD) area detectors in modern X-ray diffrac-
tometers, the twinning mode can often be determined and the intensity of the
appropriate partner in the each pair can be measured — thus enabling the molecu-
lar structure to be solved. The essentials of X-ray crystallography will be presented
later on.

4.5
Early Structural Representations of Organic Substances and the Development of
Modern Structural Concepts

Five years after his seminal work on sodium ammonium paratartrate, Pasteur
prepared the meso-diastereomer of (+)-tartaric acid in 1853, and a year later, he
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conducted what was then the first asymmetric destruction experiment (a kinetic
method of partial resolution). A plant mold was used with racemic tartaric
acid to exclusively metabolize (+)-tartaric acid while leaving the “unnatural”
(—)-enantiomer untouched. As noted earlier, these findings were all done before
chemical structural representations were promulgated. Pasteur did understand
that helical staircases were dissymmetric (a now archaic term for chiral or
handed), and thus he likened the arrangement of atoms in (+)-tartaric acids
to be similar to right- or left-handed #helical staircases, while those in the
meso-diastereomer were thought of as being akin to an achiral ladder. He also
clearly understood the conceptual difference between the terms “asymmetric”
and “dissymmetric.”

In 1858, Archibald Scott Couper presented a crude structural formula for
ethanol (63) with the wrong valency for oxygen. August Kekulé, in a footnote
within an article published in 1865 [59], discussed and illustrated his 1859
structural formulae for n-propanol (64) and benzene (65). The straight lines in
65 are intended to show that benzene’s six carbon atoms are arranged in a cycle.
These models are now referred to as sausage formulae that depicted “... the
atomic composition of molecules.” He further noted that “this form is nearly
identical to those used by (Charles Adolphe) Wurtz in his beautiful lectures on
chemical philosophy.” In the same publication, he went on to present a newer and
more familiar ball-and-stick representation of a “not-so-symmetrical” benzene,
see 66.
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In 1861, the Russian chemist Alexander Butlerov used the concept of chemical
structure for the first time in order to discuss atomic connectivity (a concept that
we now refer to as the constitution of a molecule, see a detailed explanation later
on). August Wilhelm Hofmann presented croquet-ball-and-stick planar models
for water (67), “marsh gas” (methane, 68), and 1,1-dichloroethane (69), which he
called “Dutch liquid,” in 1865. Dutch liquid got its name because it was discovered
in 1795 by four Dutch chemists. In 1867, Alexander Crum Brown described a
different kind of model for phenol (70).

67

The earliest molecular graphics models that are the closest to those used
nowadays was proposed by the Italian chemist Emmanuel Paterno in 1869. He
made a breakthrough in the use of two eclipsed tetrahedral carbon atoms linked
together to illustrate the 3D structures of dibromoethane. His models tried to
address the question of how many isomeric structures can dibromoethane (71)
have? He noted “It is superfluous to say that this is only a way of representing the
facts, and that the whole concept needs experimental proof.” Despite the fact that
his use of a tetrahedral carbon atom was 5 years ahead of van't Hoff and LeBel
(1874), he had the misfortune to publish his results in a relatively obscure journal
(Giornale di Scienze Naturale ed Economiche di Palermo) [60]. Even today, this
should be a take-home lesson to all of us.

In 1874, the Dutch physical chemist Jacobus Henricus van’t Hoff at the age of 22
(and independently LeBel at the same time) proposed his salient theories on bond-
ing geometries for organic compounds in a publication entitled “The Arrangement
of Atoms in Space.” Note that he also illustrated eclipsed conformations of single-
bonded tetrahedral carbon atoms (72-74). The arrows show rotation about the
single-bond as he wrote “It is then evident that [72-74] do not represent isomers,
but the same structure in two phases of movement (arrows) around the axis unit-
ing the carbon atoms,” (i.e., rotamers).
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The models of double-bond compounds also addressed the question of
cis/trans-isomerism in double bonds (maleic acid cis-75, versus fumaric acid
trans-76). The ligation of two tetrahedral carbon atoms via two vertices explained
the structural differences between the two planar diacids. A model for the triple
bond in acetylene (77) was also proposed wherein two tetrahedral carbons were
joined by a common face to engender a linear structure. In this publication,
he went on to describe the case of the asymmetric carbon atom in which four
different substituents were ligated to a tetrahedral carbon atom. Unfortunately,
the meaning of “asymmetric carbon atom” is ambiguous. It is usually taken to
mean that exchange of any two of the atom’s four nonidentical substituents
affords a new stereoisomer (what is now referred to as stereogenicity). However,



4.5 Organic Substances and Development of Structural Concepts

it can just as well refer to an atom’s asymmetric local site-symmetry (what is now
referred to as chirotopicity). This dichotomy of meanings will be discussed later
on in more detail. In 1901, van’t Hoff won the first Nobel Prize in Chemistry for
this work on solution chemical dynamics and osmotic pressure.

CO,H H CO,H R

/N

4 CO,H

75 76 77

It was only in 1886 that the German chemist Aemilius Wunderlich introduced
the term configuration. A few years later (1889), another German chemist, Viktor
Meyer brought us the concept of stereochemistry. Finally, as lecture blackboards
and paper are both planar, it is often both time-consuming and awkward to
draw three-dimensional structures of molecules during a lecture. Emil Fischer
in 1891 proposed a useful projection formula that could be quickly drawn by the
lecturer/writer. He also made a “wild guess” about the absolute configurations
of L-amino acids and D-sugars. It was only in 1952 that the Dutch crystallog-
rapher Johannes Martin Bijvoet (pronounced “By-foot”) using the anomalous
dispersion technique of X-ray crystallography confirmed that Fischer’s lucky
guess was indeed correct. We will now explain the drawing protocol for a
Fischer projection for a generic L-amino acid. The carboxyl and R-groups of
amino acids are vertically graphed on the vertices of a tetrahedron as top and
bottom groups on the rear of the structure (78). The (L)-a-amino group and
H(x) are, respectively, disposed horizontally left and right of the tetrahedron’s
front. The tetrahedron construction lines are then removed and are replaced
by the addition of appropriate wedge- and dashed-shaped lines ligated to the
C(x)-atom as in 79. Usually, the configurational carbon is not labeled as C(a).
Finally, the wedges- and dashed-lines are then replaced by simple straight lines
to yield the well-known planar projection 80, since the viewer is supposed to
know the 3D equivalent (79). A word of caution for L-serine where R =CH,OH
and L-cysteine where R=CH,SH. Beware that while both are drawn as in 79,
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since they are L-amino acids, their R,S Cram, Ingold, Prelog (CIP) descriptors
are reversed. Why? The R,S-priority rules are based on atomic number and
not on group size. Therefore, while most L-amino acids have an (S)-descriptor
affixed for their absolute configuration, L-cysteine is the “odd man out” since
a-sulfur has a higher priority than an a-oxygen. Therefore, L-cysteine bears an
(R)-descriptor.

CO,H COH CO,H
1 -
7N :
HZN\—/H HoN s H HoN H
R ; R
78 79 80

Fischer projections work fine for amino acids and sugars that possess a sin-
gle stereocenter. The Fischer drawing protocol for sugars (81-83) is based upon
D-glyceraldehyde. Larger aldo-sugars have additional H-C—OH units vertically
inserted between C=0 and the gray colored HCOH(CH,OH) underlined italic
configurational carbon of the linear open-chain form 82. In other words, all addi-
tional H-C—OH units in the residue are vertically stacked, and their 3D transla-
tion involves wedges drawn in the same manner as the horizontal configurational
HC(o)OH unit in 82,

However, if one does not remember the three-dimensional wedge—dash trans-
lation protocol of a Fischer projection, then Fischer projections break down when
they are used to ascertain the correct symmetry element responsible for meso-
tartaric acid’s optical inactivity. University lecturers typically use compounds
like meso-tartaric acid as an example of an optically inactive diastereomer. Many
readers have seen Fischer projection 84 (in Figure 4.1) in a First Year Organic

/c(=o)|.| \ C::(=O)H C(=O)H

1

H\ . >OH H —-@— OH H OH
CH,0H GH,0H CH,OH

81 82 83
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Figure 4.1 The achiral symmetry element in meso-tartaric acid is an inversion center (i)
within stable staggered conformer 85 and definitely not a o-plane in the Fischer projection
eclipsed transition state 84.

Chemistry lecture. Most likely the lecturer said words to the effect that “the o-
plane is responsible for the loss of optical activity.” What is the problem here?
The problem is that the Fischer projection breaks down when a molecule has two
adjacent stereogenic atoms. Thus, the truth is that the molecule is indeed inac-
tive, but due to a different symmetry element. To understand this, one should
first “translate” Fischer projection 84 in Figure 4.1 into a 3D representation. It
then becomes very clear that the o-plane exists in an unstable and nonpopulated
eclipsed transition-state rather than within a stable staggered conformation. Now,
go upward and clockwise round the partial circuit of Figure 4.1. The (S)-top half
of the 3D eclipsed structure is rotated 60° clockwise to generate a stable staggered
structure. This conformer is asymmetric and, hence, optically active. Next, rotate
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Figure 4.2 The dynamic stereochemistry of meso-tartaric acid is exemplified by three stable
nonidentical staggered conformations interconverted by rapid 120° flips the (S)-half of the
molecule about the central C-C bond.

the (S)-top half 120° clockwise to form an achiral C;-symmetry antiperiplanar
(180° C—C-C-C dihedral angle) meso-conformer (Refcode TARTAM [61], 85),
which is obviously nonoptically active.

But, the C;-symmetry meso-rotamer is only one of three interconverting
staggered structures. Figure 4.2 shows that consecutive 120° clockwise rotations
(actually rapid flips) of the (S)-top half-molecule generate a circuit intercon-
verting the three stable staggered conformers ((4)-asymmetric 86 — achiral
85 — (—)-asymmetric 87 —). Since chiral 86 and achiral 85 are the previously
illustrated conformers in Figure 4.1, it logically follows that the new asymmetric
third conformer 87 must be the enantiomer of 86 in order to have a nonoptically
solution. However, the orientation of 87 does not give the appearance of being
enantiomorphous to 86.

A clockwise partial circuit through Figure 4.3 will convince the viewer that the
proper orientation of 87 is indeed enantiomorphous to 86 via by a 6-plane. Start-
ing with left-bottom 86, a 120° anticlockwise rotation of the molecule’s (S)-half
about the C-C bond generates gray colored rotamer 87 just as depicted in the
middle left of Figure 4.3. From now on, no C—C bond will be permitted since we
do not want to change the rotamer. Instead, only rotations of the entire molecule
87 will be made for reorientation. Going clockwise, a horizontal 180° out-of-plane
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Figure 4.3 Reorientation of rotamer 87 (middle left) of Figure 4.2 by a 180° out-of-plane
rotation of the entire molecule is then followed by a 120° in-plane rotation to afford 87 in
the enantiomorphous disposition of 86.

of the entire molecule rotation changes (R)-bottom half into an (S)-half (see upper
right structure). This is followed by 120° in-plane rotation of the entire molecule
to generate right-bottom 87 in the enantiomorphous orientation of 86.

Unless we are dealing with compounds like cis-1,2-dimethyloxirane (88)
with its geometrically constrained eclipsed mirror-symmetry structure, most
meso-compounds have staggered bond inversion-symmetry. Although they are
relatively more rare, there are also some meso-compounds having rotation-
reflection S,-symmetry, such as the spiro quaternary ammonium cation 89. One
understands from these examples that the presence of any point group operation
of the Second Kind relating two opposite handed stereogenic atoms will make
the compound optically inactive (i.e., a meso compound).
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4.6
Fischer Projections to Determine a- and -Anomeric Configurations

The assignment of a- or P-anomeric configuration in carbohydrates is based
upon the pyranose- or furanose-ring anomeric hydroxyl group’s relative
orientation vis-a-vis the linear form’s b or L-configurational hydroxyl group, that
is, HCOH(CH,OH). a-Anomers have their hydroxyl on the same side of the
ring as that of the configurational hydroxyl, while f-anomer and configurational
hydroxyls are located on the sugar cycle’s opposite faces.

L-Galactopyranose is an appropriate carbohydrate to use for illustrative
purposes, since most readers feel that they understand the nomenclature of
D-glucopyranose a- and f-anomers. A number of marine organisms produce L-
galactose. For example, 3-O-(a-D-glucopyranosyluronic acid)-L-galactopyranose
is an aldobiouronic acid isolated from extracellular polysaccharides produced
by the brackish water, unicellular, red alga Rhodella reticulata. Its structure
determination was performed by Geresh, Arad, Glaser, and coworkers [62].
The configurational hydroxyl group of the vertically oriented linear form of
L-galactose (90) (marked with an arrow and dashed circle in Figure 4.4) is on the
left side of the vertically oriented molecule (lower left Fischer projection). One
can imagine the configurational hydroxyl oxygen attacking the prochiral carbonyl
aldehydic carbon to afford an anomeric OH-group on either the left or the
right side. For the purpose of assignment of an a-anomer to an L-carbohydrate,
the anomeric OH will be on the left-hand side. What is important here is the
relative location of the new anomeric OH (labeled with a full circle) relative to
the Fischer projection’s old configurational OH (labeled with a dashed circle
in 90). Therefore, the a-anomer axial anomeric OH and equatorial methylol
(CH,OH) L-a-galactopyranose 91 has been drawn in the more stable ' C,-chair
conformation rather than as its *C,-chair invertomer (shown above 91 slightly to
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the right). The *C;-chair pyranose conformation ring-invertomer is less stable by
virtue of cis-1,3-diaxial-type interactions involving the C(3)-hydroxyl and methy-
lol moieties. Ring inversion should not be confused with mutarotation, since
the latter process involves bond-breaking and bond-making. Bottom line: ring
inversion determines the stabilities of equatorial/axial orientations of the two
possible a-anomeric hydroxyls, and only then should mutarotation be considered
for the subsequent generation of the most stable o/f-anomers. Didactically,
the commonly recognized *C,-chair p-B-glucopyranose (92) structure was not
utilized, since the all equatorial disposition of its substituents makes it a less
challenging model compound.




5
Chiroptical Properties

5.1
The Language of Symmetry, Isomerism, and the Characterization of Symmetry
Relationships within and between Molecules

At the beginning of this section, it is useful to review some basic terminology in
light of the fact that Mislow [63] (the author’s stereochemistry mentor) has reor-
ganized the concept of isomerism based on the principles of isometric/anisometric
molecular geometry, superimposition, and constitution (atomic connectivity). The
advantage of this reorganization is its ability to predict the conditions where one
may experimentally differentiate between pairs of isomers. Molecules with the
same chemical formulae (i.e., molecular formula: number and types of atoms)
are isomers (equal units) and those that are not are heteromers (different units).
All the physical and chemical properties of heteromeric pairs must be different
since they are obviously not symmetry equivalent. Isomers are either isometric
or anisometric. Isometric isomers have the same distance matrix and are either
superimposable upon themselves (i.e., homomers, a congruent pair) or not (enan-
tiomers). All the physical and chemical properties of an isometric pair of molecules
are identical providing that the properties depend only upon the first and second
dimensions. Anisometric isomers have different distance matrices but may have
either the same constitution (diastereomers) or not (constitutional isomers). It is
noted that diastereomer is a structure that differs from another “across”-“space”-
“unit” molecule. It is derived from the Latin prefix dia meaning “across” (as in
diagonios — “diagonal,” i.e., “across the angle” since gonia means “angle,” as in
pentagon — a figure with five angles), stereo “space,” and mer “unit.”

Isometric isomers are symmetry equivalent (homomeric pairs by operations of
the First Kind and enantiomeric pairs by operations of the Second Kind). The logic
of placing homomers and enantiomers within the same isometric subfamily is that
the corresponding properties of a pair of homomers are identical under all mea-
surement conditions, while only the corresponding properties of a pair of enan-
tiomers that do not depend on the third dimension are also identical (e.g., melt-
ing and boiling points, IR, and nuclear magnetic resonance (NMR) spectrum are

Symmetry, Spectroscopy, and Crystallography: The Structural Nexus, First Edition. Robert Glaser.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
Companion Website: www.wiley.com/go/Glaser/Symmetry
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the same). Enantiomers may be differentiated only by measurements that probe
chirality. Examples of chiral probes are metabolism by enzymes, chiral chromatog-
raphy, and chiroptical measurements.

In structural chemistry, the bonding parameters (bond lengths — a one dimen-
sional parameter, bond angles — a two dimensional parameter, and torsion
angles — a three dimensional parameter) are all identical for a pair of homomers,
while just bond lengths and bond angles are identical for a pair of enantiomers.
The respective torsion angles in enantiomers exhibit identical magnitudes but
inverted signs. Similarly, grouping anisotropic diastereomers and constitutional
isomers together makes sense since, by definition, both of these pairs of isomer
types are symmetry nonequivalent, that is, they are inherently different in ALL
their physical and chemical properties. In short, diastereomers and constitutional
isomers are different molecules, and hence, one should not expect identities in
any comparison of their chemical and physical properties. This is a symmetry
argument, and it can “never, ever, be disproved.” The only unknown is just
“how different are they?” and “is our available instrumentation sensitive enough
to measure the difference?” Many organic chemistry courses discuss chirality,
enantiomers, and then optical activity followed by diastereomers, since the
topics are considered to be pedagogically related by many textbook authors.
However, the concept of diastereoisomerism, per se, has nothing to do with
chirality, nor with optical activity, since the term can be readily applied to
describe cis-/trans-but-2-ene diastereomers (anisometric and having the same
constitution).

5.2
Chiroptical Properties: Circular Birefringence, Optical Rotatory Dispersion,
and Circular Dichroism

In spite of loss in rigor, often for heuristic (teaching) purposes, quantum mechan-
ical phenomena are sometimes more easily explained in terms of argumentation
drawn from our macro-world as a “first approximation to the real truth.” This is
especially beneficial when quantum mechanics are being explained to nonphysi-
cists. We will take such liberties when discussing chiro-optical (chiroptical) prop-
erties. Consider an electromagnetic beam to consist of an electric field’s oscillating
sine-wave plane perpendicular to that of the magnetic field. Sine waves are achiral
and may be thought of as horizontal plane projections of either right- or left-
handed enantiomorphous in-phase helical chiral-twisted oscillating fields. Note
that the projection shadow upon a flat surface of a pair of right- or left-handed
in-phase helices is the same identical sine wave. Furthermore, let us consider a
photon’s path to propagate outward from the source at a particular velocity (v) on
one of the aforementioned helical pathways. What significance does this have? The
helix diameter represents the vertical distance between the sine wave’s maxima
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and minima, that is, the sine wave’s intensity. Furthermore, the horizontal axial
distance between two consecutive coil maxima symbolizes the wavelength. For the
sake of argument and heuristic purposes, let us further stipulate that a red-colored
dot appears at the same single end of a mixture of parallel enantiomorphous heli-
cal pathways. Next, imagine placing the laterally disposed helices in such a man-
ner that their red-colored termini all touch a transparent barrier. When our eyes
look through the clear barrier down the non-phase-restricted parallel helices, the
red dots will appear to have an infinite number of orientations. One can think
of a polarizer as removing all the helices (our gross oversimplification for vector
components of light) whose red dot is nonaligned with the polarizer’s arbitrarily
chosen vertical plane orientation.

In this case, only right- and left-handed in-phase helical pathways with
red-dotted ideally vertical termini will remain in our collection. We can then
metaphorically say that these right- and left-handed helices represent a plane
polarized light racemic mixture of right and left enantiomorphous circular
polarized light vector components. Since it is not easy for nonphysicists to
conceptualize a photon’s “vector components,” let us bend the truth and state
that our light beam is simply composed of a racemic mixture of achiral photons
traveling at a particular velocity (v) down one of two in-phase enantiomor-
phous helical pathways. Bearing in mind that these “enantiomeric” in-phase
non-quantum-mechanical helical paths of photons symbolize plane polarized
light, we can now start to explain a large number of chiroptical phenomena in a
nonrigorous manner.

So, as a macro-world very crude first approximation of a quantum mechanical
phenomenon, if the helices’ left-termini in Figure 5.1 denote a monochromatic
light source, then we can imagine photons departing the source and propagating

Levorotatory ﬁ Q .
helical @7— e s ——_ = | Velocity =v
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Figure 5.1 Photon locations (black dot travel on enantiomorphous helical propaga-
distances from the left-handed edge) on par- tion pathways through an achiral medium
allel left and right in-phase helical pathways at exactly identical velocities, the polariza-
traversing an achiral medium are depicted tion plane never rotates since the vector-sum
at constant time intervals. Since the photons remains constant.
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down one of the two in-phase helical parallel pathways through a vacuum or air.
If we stipulate that the black dots in Figure 5.1 are photon locations at set time
intervals (£) on the right and left circularly polarized pathways, then the vector
sum of all their positions generates the same linear polarization mean plane as
the polarizer. Continuing this analogy, since the circularly polarized pathways are
enantiomorphous, and the achiral photons all travel through air at the identical
velocity (v,;,), then at any particular time interval (), photons on either the right
and left in-phase helical pathways will have always traveled the same propagation
distance (), since v; = vy. The velocities of both photons on circularly polarized
pathways are then reduced by the same extent upon entering an achiral medium.
These analogies to concrete, readily understandable helical pathways, show that
the photon’s reduced velocities through a medium relative to their higher veloci-
ties in a vacuum are akin to the concept of index of refraction, n (the ratio of the
velocity of light in a vacuum to that in a medium). Thus, n; = #; through an achiral
medium, where n; and 7, are the indices of refraction of right and left circularly
polarized light, respectively.

Next, consider an enantiomerically pure chiral medium, (e.g., an arbitrarily
chosen right-handed chiral medium). Now, the photon’s velocity traversing one
helical pathway within the spectrometer’s quartz cuvette will not be identical to
that of the photon traveling the enantiomorphous route, that is, 7, # ny since
they are no longer constrained by symmetry. If we schematically depict the inter-
action of right circularly polarized light within a right-handed chiral medium as
“(right iveutarty polarized tight "~ (£ mednn),” then there is a symmetry mismatch when
one compares it to the diastereomeric “(left i cutarty potarized tight " * * (F) medium)”
interaction. This mismatch causes a phase shift of +a degree between the two
helices, which then rotates the mean polarization plane by the same amount.
Obviously, the plane of the polarized light would rotate in the opposite direction
(—a degrees) if the light traversed through an enantiomeric sample. Figure 5.2
illustrates v; > v relative photon velocities through a chiral medium. Only 15
location measurements for the levorotatory path faster photon (top horizontal
axis) were made during the drawing’s total elapsed time period, compared to 18
for the dextrorotatory path slower photon. The difference in photon velocities
rotates the vector-sum plane anticlockwise by —a®. This n; # ny phenomenon is
known as circular birefringence.

The rotation of plane polarized light through chiral media is measured on a
polarimeter at a particular wavelength, usually the sodium D unresolved-doublet
lines (588.9950 and 589.5924nm). See Biot’s law discussed earlier. Like the
Beer—Lambert law, there is a danger of aggregation if the concentration becomes
too high. Under these high concentration conditions, [a]ﬂT, the wavelength
and temperature-T-dependent specific rotation constant is no longer concen-
tration invariant. The polarimetric measurement of chiral molecules is also
solvent-specific, since they are solvated. Similarly, the solvent—solute mean
distance is obviously temperature dependent. Change the solvation-sphere or
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Figure 5.2 Photon locations (black dots) it to travel farther along the top axis rela-
on parallel left- and right-handed helical tive to the distance of its slower counterpart

pathways traversing an achiral medium are on the right circularly polarized bottom axis
depicted at the same constant time interval.  path and results in a —a® rotation of the

In this example, the photon’s faster velocity =~ vector-sum plane.

on the left circularly polarized path enables

the temperature 7, and the new solvated species exhibits different properties, for
example, the magnitude, and even sometimes the sign, of [(x]f changes.

The difference in refractive indices for the right and left circularly polarized
components that make up plane polarized light was discovered in 1822 by
Augustin-Jean Fresnel. A plot of a versus wavelength is called Optical Rotatory
Dispersion (ORD). A positive ORD plot is depicted as 93. It consists of two
positive plain curves (sometimes called “wings”) separated by a discontinuity at
the UV/vis absorption 4_,,. The discontinuity region is called a Cotton Effect.
Where have you observed dispersion curves before? We see them all the time
when phasing an NMR frequency-domain spectrum. If you are the primary
NMR operator, then you have seen them when optimizing an NMR acquisition
parameter, for example, P1 (the microseconds 90° pulse duration time). A series
of increasing P1 pulse duration times generates a sine-wave intensity plot with
a maximum 90° value, minimum at 270°, and zero intensities for a 180° or 360°
pulse. However, instead of a zero-intensity signal, one usually observes a very low
intensity dispersed signal (which integrates for zero).

Observe the plain curve wings of plot 93 carefully. Irrespective of the sign of
a at any particular wavelength, increasing 4 values afford more positive a-values
(i.e., either increasing positive left-wing values or decreasing negative right-wing
values). Early in the twentieth century, Paul Drude proposed an empirical curve
fitting equation to describe the wings of the dispersion curve and their abrupt
discontinuity at A = 4_,,, (see Eq. (5.1)) [64].

C

ORD(A) = ————
( ) iz_’ﬁnax

(5.1)

A solution of the enantiomer would give an enantiomorphous negative ORD
plot 94. ORD may be measured on a recording polarimeter equipped with
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)*max )*max

93 94

continuous light sources (e.g., deuterium lamp for UV or quartz-iodine lamp
for Vis). Optical rotation (a) has an advantage of providing chiroptical data at
wavelengths (e.g., A = Ap) far removed from a sample’s 4, .

Figure 5.3 schematically depicts parallel helical pathways for circularly polarized
photons traversing first air and then an achiral medium with a solvated achiral
chromophore. The same amount of light is absorbed by both circularly polarized
light components since the chromophore’s molecular orbitals have Second Kind

symmetry, that is, they are achiral. Therefore, absorption of photons on the right
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Figure 5.3 Constant time interval photon equal indices of refraction of right and left
locations (black dots) on parallel left- and circularly polarized light energy by an achiral
right-handed helical pathways traversing an  chromophore at 4 = 4
achiral medium depict equal absorption and

max*
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and left circularly polarized paths must be identical. In other words, their £, =
ep molar extinction coefficient constants are identical as in the Beer—Lambert
law where absorption (optical density OD) = [e]fcl. The two equal-length rotating
right and left circularly polarized light vectors have swept out an identical-radius
helical path through air, and then both are equally reduced when transiting an
achiral medium. In other words, absorption of light energy has equally reduced
the cross-sectional diameters of both the right- and left-helical pathways, while
the indices of refraction remain the same (#; = ) within air and in the achiral
medium. As a result, the detector records a lower intensity signal with no change
in the polarization plane.

Next, consider a chiral medium. As before, the two photons upon circularly
polarized light helical pathways transverse air with equal velocities and no
energy absorbance (see left side of Figure 5.4). However, when light enters a chiral
medium with 4 equal to the chiral chromophore’s 4., ., then the oppositely handed
circularly polarized light components will exhibit unequal energy absorbance
(g1 # €g) concomitant with unequal photon velocities v; > vy and arising from
unequal indices of refraction (1, # ny). The two unequal-length rotating right
and left circularly polarized light vectors will now sweep out an elliptical figure
at unequal velocities. None of ellipsoid’s major/minor axes coincide with the
original plane of polarization (n; # ny). The unequal intensity components of
circularly polarized incident light on the detector are called elliptical polarized
light. Observe that in Figure 5.4 the faster photon on the levorotatory (upper)

Levorotatory
faster helical
pathway
Levorotatory ] Srr_laller helical
helical —¢—@»| diameter g,
pathway
1Y
—]
Y
Dextrorotatory Larger helical
g?rl:\?vi diameterpgyiro
P Y Levo-twisted
X v e v = eliptically
Air Chiral medium polarized
light
vV =VR Dextrorotatory
slower helical
V>V
pathway L> VR
Lower intensity after A= Amax

absorption of energy

Figure 5.4 Circular dichroism is the unequal absorption of right and left circularly polarized
light energy (e # €,) combined with n__# np.
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path is measured only six times, while seven positions are observed for the slower
photon on the dextrorotatory (lower) path during the same time period. The
combined g; # ey and #; # 1y phenomenon is referred to as circular dichroism
(CD). The parameter that is measured by a CD instrument as a function of
wavelength is called molecular ellipticity, 6, and the concentration-independent
proportionality constant is denoted as [0], the molar ellipticity coefficient. A CD
spectrum shows a very considerably narrower W, line-width at half-height
() et~ OF (=) et Signal(s) compared with broad UV/Vis electronic transitions.

53
Miller Indices and Fractional Coordinates in Crystallography

A right-hand axes convention is utilized by the crystallographic community. In
this system, the thumb points upward (the X-axis), the index finger points the
Y -axis, and the middle finger (the Z-axis) is bent toward the viewer (see 95). Once
these axes have been defined, they may be oriented according to esthetics and the
contingencies of the illustration. When looking at a unit cell (the omnidirectional
translational repeat entity of an extended array) the X-, Y-, and Z-axes become
the cell’s respective a, b, and c sides. The three faces of a parallelepiped unit
cell will be described next. The y angle lies between the a and b sides and the
sides define the ab-plane (X,Y-plane), the § angle is between the a and ¢ sides
and the sides are the ac-plane (Y,Z-plane), and finally, angle a subtends the b
and c sides. The fractional coordinates along each of the a, b, and ¢ sides range
from 0.0 to 1.0. Values greater than “1,” or less than 0, take us into adjacent
unit cells. By the way, since we are dealing with periodic crystalline arrays, one
should not be concerned if the crystallographer provides us with coordinates
whereby part of a molecule extends into an adjacent cell (this is quite common).
If we desire to generate the enantiomer from the fractional coordinates of an
oppositely handed chiral molecule, then this is readily done by multiplication of
the original molecule’s positive fractional coordinates by the [1—-x, 1 -y, 1 —2]
inversion operator. Multiplication with the [—x, —y, —z] inversion operator places
the enantiomer in the three negative axes adjacent unit cell on the origin’s other
side.

The following section deals with the Scanning Tunneling Microscope (STM).
STM specimens are coated upon surfaces of atomically flat electrodes, for
example, specific planes usually cleaved from cubic crystals of copper. The chosen
plane has a specific symmetry relationship between the surface’s exposed metal
atoms. To describe a specific crystal plane to be coated, one makes use of a triple
integer descriptor called a Miller index (first used by the British mineralogist
William Hallowes Miller in 1839).

It is good to begin with crystallographic notations. As we said before, [x, y, 2]
are fractional atomic coordinates since “x, y, z” are all separated by commas within
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X-axis

!

Y-axis

95

the square brackets. These coordinates can be either decimals (e.g., 0.2510, 0.3339,
0.4900, and 0.75070) or rational numbers (any number that can be expressed as
the quotient or the fraction-(p/g) of two integers, with g # 0, e.g., 1/4,1/3,1/2, 3/4,
etc.). On the other hand, (hkl) boldfaced Miller indexes are commonly denoted
by three bold-faced “k,” “k,” and “I” integers, which are not separated by commas
and are placed within parentheses. They describe a specific plane within a crystal.
Three arbitrarily chosen planes in a cubic copper crystal will now be discussed. Let
us begin to analyze Miller index plane (100). The 1/1 = 1 inverse of the 100s digit
(h) shows that the plane goes through fractional coordinate point 1 on the a-axis.
The 1/0 = oo inverses of the 10s (k) and unit’s (/) digits signify that no points for
the plane are on either the b- or the c-axis, that is, plane (100) is orthogonal to the
a-axis at x = 1 and thus cannot intersect with the b- and c-axes, see (96). Inspec-
tion of the drawing clearly shows that cubic lattice plane (100) exhibits a fourfold
rotational-axis perpendicular to the face. This is denoted by the crystallographic
black square symbol in the middle of the gray (100)-face, that is, a C,-axis passes
through fractional coordinates [0, 1/2, 1/2] and [1, 1/2, 1/2] and the cube’s center.

The 1/1 =1 inverse of the 100s (/) and 10s (k) digits indicates that the (110)
plane goes through fractional coordinate points 1 on both the a- and b-axes. The
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1/0 = oo inverse of the unit’s (/) digit shows that there is no point for the plane
on the c-axis, that is, plane (110) is rectangular (twofold symmetry) and passes
through fractional coordinates [0, 0, 1/2] and [1, 1, 1/2] and the cube’s center,
see 97. The crystallographic symbol for twofold rotational symmetry is a black
ellipse.

Plane (111) in a Cu cubic lattice will be the last to be discussed. The 1/1 =1
inverse of the 100s (%), 10s (k), and unit’s (I) digits shows that the (111) plane
passes through fractional coordinate points 1 on all a-, b-, and c-axes. This
plane appears to have trigonal threefold symmetry, see 98. The crystallographic

[0,1,0]

[0,0,0] [0,0,0]

[1,0,0] ? 1,00
96 97

[0,0,1]

[0,0,0]

[0,0,0]

[1,0,0]
98 99

symbol for threefold rotational symmetry is a black equilateral triangle. However,
one can generate a family of symmetry-equivalent {111} planes, (the bold-faced
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braces denote that the descriptor refers to a family of symmetry related planes,
for example, the two parallel (111)-planes of 98 and 99). Note: the (111)-plane
99 bisects the mid-points of each of the cube’s six edges, and its actual symmetry
is hexagonal, not trigonal. Is there a discrepancy here? Certainly not! One has
to remember that six adjacent equilateral triangles form a regular hexagon (vide
infra 103), and the unit cell is part of a periodic array.

In the case of a cubic crystalline Cu metal STM electrode, one can perform
different cleavages of a crystal to expose a variety of surfaces exhibiting specific
symmetry relationships between the metal atoms. The surface metal atoms on
the fourfold symmetry (100)-plane are depicted in 100. The second layer is

103

visible as gray colored atoms. Illustration 101 depicts the first atomic layer of
the rectangular twofold symmetry (110)-surface. Inspection of the drawing
shows that the (110)-surface of metal atoms is much less closely packed than
the (100)-surface. Finally, the sixfold (hexagonal) symmetry (111)-surface
(102) is the most densely packed arrangement of metal atoms or balls. As
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mentioned earlier, the impression that arrangement 102 appears to be trigonal
is incomplete since we are dealing with a hexagonal-symmetry periodic array
of equilateral triangular unit cells 103. A more detailed explanation of crys-
tallography in general and molecular unit cells will be provided later on in the
text.

5.4
Scanning Tunneling Microscopy

The remarkable STM is able to view molecules and even tert-butyl groups. It
uses an atomically flat electrode. In order to obtain the desired flat surface of
a cubic Cu fec-symmetry crystalline metal, the crystal is carefully split along a
cleavage plane. Fcc means face-centered cubic as in plane (100) 99. Cleavage
is known to produce atomically flat surfaces. These cleaved planes represent
different layers of the crystal lattice. The author will do his best to explain
the quantum-mechanical phenomena for the STM, despite an amusing quote
attributed to Richard P. Feynman and which jokingly stated “ ... I think that I can
safely say that nobody understands Quantum Mechanics.” Feynman, Sin-Itiro
Tomonaga, and Julian Schwinger were awarded the 1965 Nobel Physics Prize for
their fundamental work on quantum mechanics. The STM is an instrument for
imaging surfaces with atomic resolution. It is based upon a principle known as
quantum tunneling through the space between two electrodes with a proper volt-
age bias. This quantum-mechanical effect can be explained by the wave-particle
dualism of electrons. In the STM, the electron is a quantum-mechanical particle
that behaves as its wave function. The electron’s wave functions can extend with
an exponentially decaying tail out of an electrode into a barrier. The “barrier” is
the space between a sharpened wire tip electrode and a conducting monolayer
(i.e., the sample to be observed) deposited on an atomically flat second electrode
composed of highly oriented pyrolytic graphite or a crystalline Cu metal surface.
Why use the term “barrier”? The reason is that according to the laws of classical
physics, a flow of electrons requires a conducting wire to move between two
metal surfaces. So, physicists say that the electrons tunnel through the barrier in
the STM.

The sharpened metal tip-electrode is composed of tungsten or platinum-—
iridium alloys. It is sharpened to an ultrafine atomic-scale tip by techniques such
as mechanical cleavage or electrochemical etching. The tip is carefully adjusted
to bring it close (4—7 A) to the surface of the conducting monolayer (also called
the “substrate” or specimen). A voltage bias (difference) is then applied so that
the tip electrode is at higher potential than that for the conducting substrate
monolayer adsorbed upon the flat surface electrode. The voltage is adjusted to
cause the Fermi level heights of the electrons in the two electrodes to shift so
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that the tails of the electron’s wave functions begin to overlap within the barrier.
The electrons then tunnel from the tip surface through the monolayer sample to
the second electrode that is at a lower potential. This “tunneling” is a forbidden
process according classical physics for reasons already noted earlier. However,
quantum mechanics assures us that there is a finite probability that electrons on
the higher potential tip will “jump through the barrier” to the lower potential flat
surface. The resulting tunneling current exponentially decays with an increase
of the separation distance (i.e., the barrier). This exponential dependence leads
to exceptional resolutions of the order of 0.01 A in the perpendicular direction
and ~1A in the parallel directions. The tunneling current is also dependent
on the applied voltage and the local electronic-state density-functionals of the
atoms within the conducting monolayer. These molecular density function-
als are directly related to their theoretically generated counterparts used to
perform geometry optimization calculations by the density functional the-
ory (DFT) B3LYP technique using a particular basis set (e.g., the relatively
high 6-311+g(2d,p) basis set used for NMR spin—spin coupling constant
calculations).

Piezoelectrically based control circuits precisely maintain the tip at a constant
vertical height from the surface atoms and also enable it to scan within the
X,Y-plane across the sample. The vertical position (derived from the tunneling
current) is measured as the tip moves across the surface, so that atomic informa-
tion of the surface can be mapped out resulting in a local density of states (i.e.,
density functional) modulated image. The influence of this modulation is often
neglected, since it is common practice to represent the image without further
processing.

Besenbacher and coworkers [65] studied the organization of achiral
2,5,8,11,14,17-hexa-tert-butylbenzo[bc,ef hi,kl]coronene (Refcode IVACOY [66],
104) molecules that chirally self-assembled within a close-packed monolayer
adsorbed on a crystalline copper (110)-surface electrode. The intense spots in
the pair of STM images 105 arise from the more bulky ¢-butyl groups, while the
relatively thinner (less dense) aromatic center appears in the image as a lighter
tone. The use of square brackets in the 110 notation in 105 denotes a direction
vector within a Miller Index plane, and 1 (read as “1-bar”) is the —1 direction.
For chiral organization of the molecules to come to pass, the adsorbed achiral
molecules must interact with each other along specific directions, which are not
symmetric with respect to any of the crystalline electrode’s mirror planes. The
power of the STM image is such that it alone enables the researchers to make this
statement of fact based solely upon experimental observation. In the case of the
achiral hexa-t-butyl-coronene-type star-shaped molecules, the self-assembled
monolayer is chiral due to asymmetric intermolecular interactions arising from
organizational chirality within the absorbed array of molecules. In this case,
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t-Bu
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chirality is induced as the molecules enter the growing monolayer. It results from
a reproducible statistical +5° or —5° mismatch (during the initial stages of the
adsorption process) between the solution-state molecule’s symmetry planes and
those of the exposed metal ions upon the electrode’s (110)-surface (see 105).
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Intermolecular lateral close-contact interactions propagate the induced chirality
outward as the close-packed monolayer grows. If monolayer absorption on new
(110)-surface electrodes is performed enough times, then there will be a 50: 50
statistical probability of generating either right or left supramolecular assemblies.
Since molecular structure is environmentally dependent, once the D, -symmetry
solution-state achiral coronene enters the chiral monolayer, coronene may no
longer express symmetry operations of the Second Kind. In other words, it must
undergo a finite skewing deformation resulting in a desymmetrization to a chiral
point group. The maximum chiral pseudosymmetry that the adsorbed molecules
may express is now Dy.

Will the absorbed specimen’s pseudosymmetry really be D;? How about
complete desymmetrization all the way to asymmetric C; (although to the naked
eye it will appear to be D;)? The resolution of the STM image will never provide
an answer to this question, although we can say that the molecules appear to
possess Cg-pseudosymmetry. One may ask the following: “OK, I can visually
observe the disappearance of the o, vertical reflection planes, but what about
the o, horizontal reflection plane?” It also has to disappear since the purpose
of a reflection symmetry plane is to exchange the space above and below the
plane. Well, the space below the plane is the Cu (110)-surface electrode, while
the space above the plane is a small gap under the tip electrode. Obviously,
these two spatial regions cannot be exchanged. We should remember that for
all intents and purposes, the adsorbed molecules are very close to being ideally
planar, although this is due to chemical and mechanical constraints and not by
symmetry.

Before leaving this example, we should ask ourselves why was there a +5°
mismatch in the first place? The only real answer to this is to state that since
we have observed it in an STM-image, Nature must consider this skewing to be
a low-energy arrangement between the molecular neighbors as they undergo
adsorption upon the electrode’s surface. How does one know this? Well, repeating
the coating upon a new electrode gives either an STM observed —5° mismatch or
a +5° enantiomorphous skewed monolayer.

The work of Held and coworkers [67] will be used as an example of chiral
molecules that form supramolecular dimeric arrays whose directionality is
skewed either to the right or to the left relative to that of the Cu (110)-surface
electrode. Enantiomerically pure L- or D-serine, in its deprotonated (anionic)
form, was adsorbed in separate experiments upon the electrode’s surface at 300 K.
The scale given in 106 (1nm = 10 A) testifies to the fact that the peanut-shell-type
elongated features are too large to represent individual serine molecules. These
structures were attributed to be islands of serene dimers, since circular termini
can be discerned within the flat peanut shell structures. Comparison of the
two images in 106 shows that the dimer’s orientation with respect to the Cu
(110)-surface depends on the molecular chirality. The dimers then aggregate into
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superstructures with chiral lattices. The unit cells for the enantiomorphous L- or
D-domains are shown by the b; and b, vectors drawn in the figure. Dimer and
superlattice formation was explained in terms of intra- and interdimer bonds
involving carboxylate, amino, and p-OH groups.

106

It is interesting to note that spontaneous resolution occurred when racemic mix-
tures were applied to the electrode surface. Domains of small ordered enantiop-
ure L-L and D-D dimer islands with same enantiospecific elongated shapes as in
the enantiopure monolayers were observed in the STM image. The formation
of homochiral dimers (versus unobserved meso-dimers) appears to be driven by
lower energy formation of homochiral dimer subunits and the directionality of
interdimer hydrogen bonds.

55
Direct Visualization of an Enantiomer’s Absolute Configuration in the Gas Phase

Dextrorotatory glucose was arbitrarily defined by Fischer [68] in 1894. Fifty
years later, this lucky guess was experimentally confirmed by Bijvoet et al. [69]
using anomalous single-crystal X-ray diffraction of sodium rubidium tartrate.
This method has withstood the test of time to become a standard procedure
for determination of absolute configuration in molecules within chiral crystals.
Vibrational CD [70] and vibrational Raman optical activity [71] were then found
to meet this task for liquid-phase samples. These methods require high-level
computational simulation and subsequent comparison of spectral differences
between two enantiomers. A new, very recent technique was reported in
2013 by Trapp, Kreckel, and coworkers [72] that is based upon foil-induced
Coulomb explosion imaging (CEI) of individual molecules in the gas phase. In
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this exciting method, isotopically labeled (R,R)-2,3-dideuteriooxirane could be
visually differentiated from samples containing either the (S,S)-enantiomer or the
(RR,SS)-racemic mixture. Unfortunately, the limited scope of this text prevents
discussion of the various aforementioned methodologies. An (RR,SS)-descriptor
means that the compound is either (R,R)- or (S,S) in handedness.
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Symmetry Comparison of Molecular Subunits: Symmetry
in Nuclear Magnetic Resonance Spectroscopy

and in Dynamic NMR

6.1
Symmetry in NMR Spectroscopy

Symmetry plays a central role in spectroscopy since it produces degeneracies of the
spectral frequencies that arise from inherently symmetry-equivalent molecular
subunits (i.e., isochronicity, from the Greek isos means “equal” + chronos “sig-
nals”). These signals from different parts of a molecule appear at exactly the same
frequency in a spectrum and, hence, generate a correspondingly larger integrated
peak area. Symmetry-nonequivalent proton nuclei (i,j) in 'H Nuclear Magnetic
Resonance (NMR) spectroscopy will afford a through-bond mutual "J;; spin—spin
coupling constant, where n=the number of covalent bonds linking nuclei i
and j. The magnitude of the /-values and the NMR peak patterns resulting from
geminal and vicinal coupling (i.e., /54 and 3/, respectively) provide very useful
information as to the angular disposition of the i,j-protons, as well as the number
of proton neighbors located two or three bonds away. The Karplus relationship
[73] (107) for vicinal protons in hydrocarbons predicts large magnitude (about
10-12Hz) 3/, coupling constants for symperiplanar and antiperiplanar
H(i))-C-C-H(j) dihedral angles due to efficient orbital overlap within the three
covalent bond coplanar segment. This coplanar arrangement enables effective
interactions involving the peripheral nuclear magnets via the intervening elec-
tron magnets within the covalent bonds (all atomic particles have spin-1/2) [73].
An orthogonal (about 90°) dihedral angular relationship readily disrupts the
interactions between bonding electrons and results in about 0 Hz 3J,;;; minimum
value [73].

An analysis of the NMR spectrum in terms of the quantity of different proton
NMR signals, their shapes, and integrated peak areas, followed by the deconvo-
lution of their sometimes complex coupling patterns provides a very important
foundation for the structure determination of solvated molecules. However,
frequency degeneracies can reduce the information content of the spectrum
to such an extent that the spectral data is insufficient to be structurally useful.
This conundrum can be taken to its extreme when considering the solution-state

Symmetry, Spectroscopy, and Crystallography: The Structural Nexus, First Edition. Robert Glaser.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
Companion Website: www.wiley.com/go/Glaser/Symmetry
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NMR spectra of two very high-symmetry hydrocarbons: cubane [74] 108 (CgHg,
mp 132°C, O, symmetry of order 48, i.e., 48 symmetry operations) and dodeca-
hedrane [3] 109 (C,,H,,, mp 430 + 10 °C, I}, symmetry of order 120). Cubane has
only a single 'H (CDCl;) resonance at §;; 4.03 (singlet) and a single *C resonance
at 6 47.74, while for dodecahedrane the corresponding signals are &,; 3.38 (sin-
glet) and a single 13C resonance at 5 66.93. Clearly, there is a dearth of structural
information to be gleaned from these spectra. Assuming that one also knows
the molecular weight for each compound, then the primary conclusion is that
they must have very high symmetry. The most important data from these spectra
arises from the fact that their heteronuclear !/ direct coupling constants are
markedly different: 155Hz !/ (cubane) and 135Hz /- (dodecahedrane).
Without performing the actual hybridization index (x) calculations [47] for the
C-H bond’s carbon sp* hybrid atomic orbital (AO) (vide ultra), the larger /-
value for cubane clearly points to a much higher s-character for the carbon
hybrid AO compared to that in the corresponding C—H bond in dodecahedrane.
A higher s-character of the C—H bonds means a lower than sp® 25% s-character
in the C—C bonds. In other words, the more strained cubane C-C bonds have
a higher than 75% p-character (i.e., the so-called banana bond) compared to
that found in less strained dodecahedrane. This assessment is in accord with
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the 161 Hz 1/ value for cyclopropane (well known for its C—C bent “banana”
bonds).

Thus, the higher a molecule’s symmetry, the less structural information is
contained in the spectrum. Pierre Curie in 1894 recognized that it is necessary
for certain elements of symmetry to be absent in order that a particular physical
phenomenon can exist (e.g., the existence of heteronuclear !/ spin—spin
coupling for 108 and 109 versus the absence of homonuclear 3/, coupling).
“Clest la dissymétrie qui crée le phénomene,” that is, phenomenon are created by
a reduction in symmetry [75, 76].

108

6.2
Symmetry Comparison of Molecular Subunits, Topicity Relationships

Symmetry also forms the basis of comparisons between molecular subunits. The
basis of these comparisons is the presence or absence of symmetry equivalence
between molecular subunits having the same number and type of atoms. If the
comparison is between groups within the same molecule, then it is internal,
while one between corresponding subunits within two or more molecules is
external. For example, solvated dodecahedrane has no difficulty in exhibiting
its I, point group symmetry having 120 symmetry operations. Twenty nuclei
of each atom type are all symmetry equivalent and, hence, afford degenerate
signals (isochronous, where isos and chronos are “equal” and “signal” in Greek).
The isochronicity is due to 60 operations of the First Kind (i.e., they produce
homotopic [76, 77] subunits, where in Greek, homos means “same,” topos “neigh-
borhood” or “environment” or “region” in the molecule). The same 20 nuclei are
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also symmetry equivalent via an additional 60 operations of the Second Kind
(i-e., these engender enantiotopic [76, 77] subunits where enantios in Greek means
“mirror image nonsuperimposable’;, and topos “location” or “neighborhood”).

The methine H-atoms in solvated meso-oxirane 110 are enantiotopic
(isochronous) in i-butanol-d,, since the local environments around the two
halves are symmetry equivalent. However, if the same oxirane is dissolved
in an enantiomerically pure chiral solvent, for example, secondary-butanol
[(4)-sec-butanol-d,], then the local environments around the two half molecules
now become diastereotopic [77]. Why? The two half molecules must be con-
sidered to be solvated within their shells of invariant handedness (+)-solvent.
One may symbolically note the solvated half-molecules as “(R; * + sopvent)”
and “(Shalf' st solvent)'" These “(Rhalf' ot solvent)” and “(Shalf' ot solvent)” solvated
halves are now diastereotopic (i.e., different), see 111. The magnetic environments
of nuclei within one solvated half molecule will now just be “very very similar”
but not “identical to” those of corresponding nuclei in the other solvated half
molecule. This certainly does NOT imply that meso-oxirane will now exhibit a
markedly different geometry when it exists in a chiral environment as opposed to
one that is achiral (after all, the molecule is rigid). It just means that the molecular
geometry in this new environment will now be “ever so slightly distorted” so
that the entire molecule becomes chiral (asymmetric) rather than being meso.
Changing the solvent to pure (—)-sec-butanol enantiomer will afford the enan-
tiomerically distorted oxirane skeleton. For the half molecules to be enantiotopic,
one would have to use a racemic solvent, for example, “(Ry, ;¢ - * + soivent)” and
“(Shaiy ** — solvent):” Therefore, “what something is depends on where you put
it.” [76] In other words, the (+)-sec-butanol solvated nuclei in the (R,S)-halves
reside within diastereotopic (different) magnetic environments compared to the
corresponding nuclei in the other half. Hence, the corresponding pairs of nuclei
are predicted to be anisochronous (in Greek an, isos, and chronos, respectively,
mean “not,” “equal,” and “signal” — as in chronometer, a clock that strikes/signals
the hour) since they can never ever produce degenerate signals. Moreover, one
should not be surprised if a 3/, synperiplanar magnitude coupling constant
is now observed between the two methine protons. Question: does your NMR
magnet have a strong enough field strength to resolve two diastereotopic signals
exhibiting very close chemical shifts? This instrumental problem has nothing
to do with the inherently different solvated half molecules. A very high basis
set molecular orbital or density functional calculation for meso-110 within
an i-butanol-d,, achiral solvent box will show symmetry equivalence for the
“(Ryqy -+ -i-butanol-d,;)” and “(S, - -i-butanol-d,,)” solvated halves since
pairs of orbitals or functionals are inherently symmetry equivalent. However,
similar solvent shell calculations will show a loss of molecular orbital or den-
sity functional symmetry equivalence for the homochiral solvated halves of
111.
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110 111

Finally, the constitutions of the two methyl groups in within the (+)-sec-
butanol-d,;, [CD;CD(OD)CD,CD;] solvent itself are obviously different and thus
symmetry nonequivalent. Therefore, their anisochronicity arises from the fact
that they are heterotopic.

Diastereotopism in rigid molecules is readily visualized and understood. For
example, there are five methylene carbons in the N-cyc-propylmethyl substituted
amino-alcohol scopine moiety of scopolamine and its derivatives (e.g., the anti-
cholinergic, spasmolytic agent 112, Refcode CPRSBR [78]). The asymmetry of the
molecule results in five sets of different methylene-proton geminal pairs. There
are two diastereotopic pairs of methylene carbons: C(2)/C(4) and C(3")/C(3").
Upon hydrolysis of the ester function, these pairs of carbons now will become
enantiotopic due to the reemergence of the amino-alcohol’s time-averaged
o-plane. Now, H(2ax)/H(4ax) are an enantiotopic set and are diastereotopic to
their H(2 eq)/H(4 eq) homotopic geminal partners.
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6.3
Dynamic Stereochemistry, Dynamic Nuclear Magnetic Resonance Spectroscopy (DNMR)

Dynamic stereochemistry concerns the rapid equilibration of two or more
isomers/conformations/rotamers under conditions in which structural measure-
ments are made. These measurements are weighted time-averages of those values
from the individual symmetry-nonequivalent molecular constituents. Dynamic
nuclear magnetic resonance (DNMR) is closely related to the aforementioned
phenomenon. Variable-temperature NMR spectra are recorded in order to
ascertain the energy of activation of the structural interconversion process. An
important characteristic of NMR spectra made under these conditions is that the
peak’s linewidth (width-at-half-height, W, ,) varies according to the temperature-
dependent interconversion kinetics. NMR has a measurement “timescale,” which
can be likened to a camera’s shutter speed. For a set “shutter speed,” very slow
interconversion kinetic rates enable each of the two interconverting molecular
species to be separately observed and their respective narrow linewidth peaks
integrated. When the interconversion kinetics are very fast compared to the
“shutter speed,” only a single narrow linewidth weighted time-averaged peak is
observed for the two interconverting peaks. DNMR concerns kinetic intercon-
version rate regimes that are intermediate to those of the two aforementioned
extrema. In other words, the shutter speed and the process’ half-time constant
are of approximately the same order of magnitude. It is in this particular kinetics
region that the peaks become broadened and change their shape and number. To
make the variable temperature line-broadening phenomenon clearer, a series of
very typical dynamic NMR plots between a generic exchanging pair of H1 and
H2 labeled protons are presented in illustration 113.

The average interaction distance between solvent-shell molecules and solvent-
exposed nuclei is temperature dependent. Since solvent molecules also contain
magnetic nuclei, the solvated molecule’s chemical shift values will change slightly
as a function of temperature. The kinetic regime in which two exchanging nuclei
H(1) and H(2) change only their temperature-dependent 5-values while keeping
their narrow line-shapes invariant is called the Slow Exchange Limit or SEL. The
NMR spectroscopist searches for low sample temperatures where the Larmor
frequency difference between the exchanging nuclei, that is, Av, = |v;;; — v,
appears to be constant. This seemingly invariant Av, value is what characterizes
the SEL. By the way, the experimental observation that nonsolvent exposed
nuclei (e.g., those participating in internal hydrogen bonding) show consider-
ably lower temperature dependence than solvent exposed nuclei is expected,
logical, and true. Plots 113 were all measured at temperatures higher than
the SEL.

The basic goal behind a series of variable-temperature NMR experiments
is to determine the one particular temperature at which two diastereotopic
anisochronous H(1) and H(2) signals first merge into one very broad
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time-averaged H(1,2) signal. This is called the coalescence temperature (T ).
Within just a one degree temperature increase to T, the line-shapes dramatically
change from a very high valley between two very broadened H1 and H2 peaks
into a single broad plateau-like signal shape.

The lowest plot shows two very broadened peaks measured at 72.0°C in the
slow magnetic site exchange broadening kinetics region. Coalescence of the two
signals occurs at T, =75.0 °C. Above this temperature, the plots of the single
time-averaged fast magnetic site exchange broadened signal show progressively
narrower W, values as the temperature is raised to 97.5°C. The plot of the
once-again narrow W, single averaged (Fast Exchange Limit, FEL) signal also
does not appear in illustration 113.

97.5°C
1.0°C
78.5 °C
75.0 °C
T e
| 1 | 1 I
34 3.2 3.0
ppm
113

The variable-temperature DNMR experiments allows one to calculate
ke (the kinetic exchange rate constant in s™') from the useful expression
ko = mAVY,/ \/ 2 = (2.22)(Av,) for the exchange process at that particular T, tem-
perature (283 K). From k,, the calculated AG* = —RT, In K, energy of activation
for the exchange process is found. Later on, we will use DNMR measurements

to determine AG* for the exchange of two enantiomers. A method to determine
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the exchange rates at temperatures other than T is based upon line-shape fitting
algorithms.

6.4
Use of Permutations in DNMR for Topomerization-, Enantiomerization-,
and Diastereomerization-Exchange Processes

We will propose a protocol to make it easier to follow the dynamic interchange of
specific protons (e.g., H1 and H2 in generic achiral molecule 114, see Figure 6.1).
These protons reside in defined magnetic environments (e.g., @ and b) that
change into externally enantiotopic and diastereotopic environments in rotamers
I-1III Step I:label the methylene protons in rotamer / as 1 and 2. Step 2: identify
these same protons in rotamers /I and III, and then label them also as 1 and 2,
to keep track of their structural identities. Step 3: inspect the original molecule
(rotamer /) and decide if it is symmetrical (yes, indeed it has C-symmetry). Step 4:
see if geminal protons 1,2 are symmetry equivalent (yes, they are internally
enantiotopic). Step 5: label rotamer I's emantiotopic magnetic environments
with enantiomeric pairs of letters (a and a). Crystallographers use barred letters
and numbers to describe enantiomeric/enantiotopic molecules and subgroups.
Step 6: inspect rotamer II, and ascertain if it is a homomer, an enantiomer, or
a diastereomer of rotamer I (obviously, it is a diastereomeric rotamer). Step 7:
ascertain if rotamer /I is symmetrical or not (it is not). Step 8: since it is an
asymmetric diastereomer, then assign new magnetic environment letters to
each unique region (b and c). Step 9: inspect rotamer III and ascertain if it is a
homomer, an enantiomer, or a diastereomer of rotamers LII (it is the enantiomer

R
H H
a 2H H1
Me I
b b
H2 H1
H H H H
= 1H R R H2 .
Me Me
[/]) )

Figure 6.1 Interconversion of magnetic environments of enantiotopic geminal protons
H1, H2 in rotamers I-1Il of achiral molecule 114.
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of rotamer II). Step 10: assign enantiomeric letters (b and ¢) to the corresponding
externally enantiotopic environments in III.

Now that all the magnetic environment sites have been defined/labeled in
rotamers I—III, start with H1 and ascertain its new magnetic environment sites
when it now resides within rotamer II (it is in b). Next, in what environment
is H1 when in rotamer III? (it is in c). The rotational exchange process for H1
has caused it to dwell within three magnetic environments. A permutation for
H1’s transit through these environments may be written mathematically as
(@, b, ©). The meaning of this statement is: “@ becomes b, then b becomes ¢, and
finally ¢ reverts back to a” (since the parentheses make the exchange a closed
system). Step 9: write down the site permutations for protons H1 and H2 in the
three rotamers ((a, b, ¢) for H1 and (a, c, Z) for H2). Comparison of the two site
permutations will show them to contain the same three enantiomeric pairs of
site letters (and we are not concerned about their order of appearance). Thus,
H1 and H2 in the freely rotating exchange of rotamers I-III are dynamically
enantiotopic, that is, they are isochronous at the FEL. The exchange process for
H1,H2 is called a topomerization (exchange of place).

Next, consider the same geminal H1, H2 pair within chiral molecule 115
(see Figure 6.2). Analyze the dynamic stereochemistry of these three rotamers
in the same manner as for 114. First of all, rotamers I-III are related to each
other as three diastereomers. Secondly, they are all asymmetric. This means
that their magnetic site environments are all different. As a result, three pairs of
diastereomeric letters a—b, c—d, and e—f are used (one pair per rotamer). Now,
follow the magnetic site exchange permutations as H1 transits all three rotamers:
(a,c,e) versus that for H2: (b,d f). These pairs of weighted time-averaged magnetic
environments are clearly different. Protons H1 and H2 are said to be dynamically

R
H Ph
b 2H H1 ,
Me I
f c
H2 H1
H Ph H Ph
. 1H R R H2
Me Me
[/]) 1)

Figure 6.2 Interconversion of magnetic environments of diastereotopic geminal protons
H1, H2 in rotamers I-1Il of a chiral molecule 115.
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diastereotopic therein they travel through the cycle of three rotamers. Therefore,
even under conditions of complete rotational freedom, the H1 and H2 averaged
chemical shifts are anisochronous at the FEL.

Let us consider the very common process of cyclohexane ring-inversion. The
pairs of ring-invertomers 116 and 117 are homomers, and the geminal protons
equatorial-H1 and axial-H2 therein are diastereotopic. Using the same afore-
mentioned protocol, the magnetic site permutations for the invertomer exchange
are (a, b) for H1 and (b, a) for H2. Thus, the exchanging protons in 116 and 117
are dynamically homotopic. They are isochronous at the FEL but anisochronous
and of equal intensities at the SEL (since homomeric invertomers are involved).
Again, this exchange process is also called a topomerization.

H1b
H14@

H2 p H2 a
116 117

Next, we will consider H1, H2 nuclei in the interconversion between the
two enantiomeric cis-1,2-dichlorocyclohexane invertomers (118, 119 Refcode
TARWAL [79], cis-1,2-dichlorocyclohexane solvate adduct). As before, since H1,
H2 are internally diastereotopic, we then use two new different site letters (e.g.,
a and b). If the magnetic environment sites in 118 are labeled as @ and b, then
the magnetic environment sites in 119 bear  and b notations. The permutation
for H1 is (a, Z), while that for H2 is (b, @). Notice that the same site letters are
used in each set, but @ appears in one set and b in the other. Thus, nuclei H1,
H2 are dynamically enantiotopic at the FEL. They are isochronous at the FEL
but anisochronous and of equal intensities at the SEL. This 'H topomerization
exchange process has a special name (an enantiomerization).

b
b 2 H1

H1 H2

Cl Cl
Cl Cl

118 119

Now, the H1, H2 nuclei will undergo exchange in two diastereomeric C,-
symmetrical trans-1,2-dichlorocyclohexane invertomers 120 and 121. Each
invertomer is chiral and contains two internally homotopic H1, H2 nuclei. So,
we use identical magnetic site letters (e.g., a,a for 120 and b,b for 121). The
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permutation for H1 is (a, b), while that for H2 is also (a, b). Thus, nuclei H1, H2
are also dynamically homotopic at the FEL. They are isochronous at the FEL but
anisochronous and of unequal intensities at the SEL. This H1, H2 topomerization
exchange process also has a special name (a diastereomerization).

H2 Cl

Cl H2

cl Hip
H1a cl

120 121

Recognition of diastereotopism is far more challenging when considering
flexible chiral molecules having unconstrained C—C bond rotation. A typical case
in point is the calcium channel blocker, cardio-vasodilator drug (2S,3S)-(+)-
diltiazem-HCI (Refcode CEYHUJO01, 122) [80]. The molecule is asymmetric and
contains two stereogenic seven-membered ring adjacent methine-carbon atoms
with a cis-arrangement of their protons. There is a simple symmetry argument that
states that there can be absolutely no symmetry relationship between molecular
subunits within an asymmetric molecular structure. Therefore, if we consider the

122
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NCH,CH,N*(H)Me, side chain in 122, it should come as no surprise that
geminal pairs of protons or methyl carbons are diastereotopic and, hence, exhibit
anisochronous (unequal, i.e., different) NMR signals (6, DMSO-d): 4.14 [m, 1H,
NumiaeCH] and 4.13 ppm [m, 1H, N, ..5.CH'], 3.45 [m, 1H, N*CH], and 3.10 [m,
1H, N*CH'] [81].

Unfortunately, the observed NMR anisochronism from flexible chains of
diastereotopic geminal nuclei is often erroneously attributed to “sterically
hindered bond-rotation.” Thus, in discussing the 'H NMR spectrum of



6.4 Use of Permutations in DNMR

diltiazem-HCI (122) in DMSO-d, it was written: “We propose hydrogen-bonding
of the ammonium group to the CI~, observed in the crystal, remains in solution
and the slow rotation of the bulky side chains renders the two methyl groups
magnetically non-equivalent.” [80] This was argued despite the fact that DMSO
is a very polar solvent so that the chloride anion is solvent separated. As said
earlier, the geminal nuclei in 122 are anisochronous simply because they are
diastereotopic (i.e., different)! The point is this, try as one may, no symmetry
operation can be envisioned that will equivalence them. The fact that the side
chain is completely rigid or very flexible to rotate/twist is completely irrele-
vant to this symmetry argument. If the side chain is flexible enough to show
mobility, then each geminal proton transits through a different permutation
cycle of averaged magnetic environments, and if this is fast on the NMR time-
scale, then we will observe two different (population) weighted time-averaged
NMR signals.

After the aforementioned quote was published, Glaser and Sklarz [81] later
showed that dissolution of boat-conformation crystals of diltiazem-HCl (122)
afforded about 12:1 mixture of two diastereomeric solvated ring-invertomers
(exo-acetyloxy 123, crystal structure) and (endo-acetyloxy 124), respectively, at
ambient temperature SEL on the NMR timescale. The side chain magnetic site
permutations are (a,e) for H1, (b,f) for H2, (c,g) for H3, and (d,h) for H4. From
this it is clearly seen that geminal protons within each of the methylene groups
are dynamically diastereotopic even under conditions of fast free rotation and
slow invertomer exchange. This is all the explanation needed to explain their
anisochronicity in the NMR spectrum.

Postulation of the —OC(=0)CHj proton’s residence directly above the benzo-
ring’s shielding cone very adequately accounted for their 0.49 ppm shift closer to
TMS for the minor species in the 'H NMR spectrum. It was suggested that a propi-
onyloxy [-OC(=0)Et] analogue of diltiazem be prepared to provide an additional
proof. Based upon the endo-124 molecular model, ethyl-group diastereotopic
methylene-protons [-OC(=0)CH,CH;] would now be disposed above the shield-
ing cone center but the terminal methyl group would suffer lowered shielding
due to displacement toward the cone’s side (see boat axial-OC(=O)Et-invertomer
endo-125 model). The prediction turned out to be correct since the diastereotopic
methylene protons were indeed shifted 0.55 and 0.47 ppm toward TMS in pro-
pionyloxy endo-125 while the methyl protons were shifted by a lesser 0.31 ppm
amount, as predicted.

The aforementioned examples emphasize that enantiotopicity or diastereotopic-
ity of methylene-proton NMR signals provides a very seusitive probe for molecular
chirality. Mislow and coworkers [82] demonstrated the erroneous attribution
of “restricted rotation” for an inherently diastereotopic geminal pair within an
asymmetric molecule by preparing (2-(2-naphthyl))-5-methylhex-3-yn-2-ol 126,
and measuring anisochronous i-propyl methyl signals in both its 'H and *C{'H}
NMR spectra, where {{H} =broad-band 'H decoupling. They showed, once and
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for all, that the observed anisochronism arose from intrinsic diastereotopism, and
had nothing to do with the kinetic rate of rotation about single bonds (or triple
bonds in this case) [82].
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7
Prochirality, Asymmetric Hydrogenation Reactions, and the
Curtin-Hammett Principle

7.1
Prochirality of Enantiotopic Subunits

Consider two methylene protons in a generic achiral RCH,R’ molecule (where
R # R’ # H, 127) that undergoes a free radical—initiated bromination reaction
using N-bromosuccinimide. Bromine substitution of one of the geminal proton
pair will produce a chiral RCHBrR’ product, while substitution of the second pro-
ton partner will yield the enantiomer. These hydrogens are known as prochiral
protons (since the parent achiral molecule is just one reaction away from being
chiral). Each can be assigned a specific descriptor should we desire to unequivo-
cally refer to one or to the other. In the case where the first atom in R has higher
Cram, Ingold, Prelog (CIP) atomic number priority than that in R’, arbitrarily
choose one of the two protons. The very act of choosing one of the two prochiral
protons has increased its CIP priority over its chemically identical, but unselected,
partner (see 128 and 129). The assignment of proR or proS descriptors (130) is

4 1
R H R
pro-?l'I - ; - I'lpro-? pro-l-'{H3
3 i
2
127 128
1 4
R /H R
<§ ) ?Pf o-S pro-sH + Hpro-R
R’ ,
2 R
129 130

Symmetry, Spectroscopy, and Crystallography: The Structural Nexus, First Edition. Robert Glaser.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
Companion Website: www.wiley.com/go/Glaser/Symmetry
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then according to the accepted (RS) CIP priority method. These descriptors can
also be applied in manuscripts if one simply desires to unequivocally specify one of
two identical G-structural units in an achiral R-C(G,)-R’ molecule, for example,
the two methyl groups in i-Pr-benzene.

Enantiotopic faces (but not homotopic faces) of carbonyls may also be assigned
prochiral descriptors so that one can unequivocally specify one particular face
over the other. Remember the tropicity of the spiral cloud patterns of tropical
storms? If they appear to be anticlockwise when viewed from above by a weather
satellite, then a ground observer will see them as clockwise. The same situation
exists for a planar region of a molecule. Drawing 131 illustrates the assignment
of a re (also for rectus) descriptor for butan-2-one’s upper ketone-face (Refcode
LASLAU [83] methylethylketone-C=0O hydrogen-bonded to CH,Cl, clathrate).

re :‘_|>

(H;C

"'c=o1
2 "CH3_
131

What about prochiral descriptors for double-bond faces? In the same manner
as handling double and triple bonds in the CIP priority method, to define the top
face of vinylic C(a) in 132 ((Z)-N-acetyldehydrophenylalanine dihydrate, Refcode
BAHNED [84]), an extra carbon atom is affixed to the nonselected C(p) vinylic car-
bon since C(a) “sees the C(B) atom twice” (one for each of the two bonds within the
double bond). Now, C(f) has four substituents ligated to it, in the same manner as
the other two substituents on C(a). Using CIP priorities, the upper face of trigonal
C(a) is designated as re. The process is now repeated for the C() neighbor (133),
and it is assigned a si descriptor. But, what is the order of the two descriptors to
be assigned to the upper face? Is it re-si or si-re? This is solved by searching for
the highest CIP priority among total four original substituents ligated to the two
vinylic carbon pairs. Obviously, C(«)’s nitrogen wins out over two carbons and one
proton. Therefore, C(a)’s re descriptor takes precedence over the si for C(f), and
the upper face is now defined as the re-si face (134).

Re, si descriptors can also be assigned to prochiral diastereotopic faces. In the
case of the chiral natural product, (S)-camphor (135, Refcode UGAHUF [85]),
such descriptors are unnecessary since the simpler exo, endo terms will
suffice. However, they definitely are important for the (R)-phenethyl-Z-a-
acetamidocinnamate ester 136. The differential steric hindrance to 136’s
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diastereotopic faces is not visually evident (since one does not know the preferred
conformation of the chiral alkoxy group), but the faces are different.

; é (re —si,R) face (top)
1
o i 3

135

7.2
Homogeneous Hydrogenation by Rhodium'/Achiral Diphosphine Catalysts
Differentiates the Diastereotopic Prochiral Faces of Olefins

The accepted mechanism for [Rh!(DIPHOS)S,]*-BF,~ catalyzed hydrogenation
of olefins is depicted in Figure 7.1, where DIPHOS = Ph,P(CH,),PPh, and
S =solvent, for example, MeOH. For the purpose of stereochemical illustra-
tion, a tranms-dideutero-olefin is bound to the active species in a m-complex
(middle-right structure). The following step is dihydrogen activation to yield
the dihydrido/Rh™(rn-complex). This oxidative addition is the slow step of
the catalytic cycle. The next step is a hydride transfer to afford a o-bonded
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Figure 7.1 The catalytic cycle for the homogeneous cis-hydrogenation of the
(re-re) enantiotopic face of a generic trans-olefin yields a cis-(S,5)-alkane-d, via a
[Rh!/(diphosphine)]*BF,~ complex.

alkyl group/Rh™(monohydride) intermediate (middle-left structure). Reductive
elimination of the dideutero-alkane to reform the reactive species is the final step.
A cis-reduction of the olefin is the net result of the process.

The catalytic cycle shown in Figure 7.1 arbitrarily depicts a n-complex of
the olefin’s (re-re)-enantiotopic face. However, the rate-determining oxidative
addition step energy of activation is identical whether the (re-re)- or (si-si)-
enantiotopic face is bound to the metal. Why? The two faces of the olefin are
symmetry equivalent and, hence, exchangeable by reflection. The net result will
be the production of an (RS,RS)-alkane racemic mixture product. Remember
that the (RS,RS)-descriptor means that the compound either is (R,R) or (S,S) in
handedness. Similarly, an (RS,SR)-descriptor means that the compound is either
(R,S) or (S,R) in handedness.
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Glaser et al. [86] demonstrated that diastereotopic prochiral faces in
Z-a-acetamidocinnamate  chiral esters of (—)-(1R,3R,4S)-p-menthan-3-
ol (137) or (-)-(1S,2R/4S)-borneol (138) are differentiated by the achiral
[Rh!/(DIPHOS)/(solvent),]* active species since they form a pair of diastere-
omeric m-complexes in thermodynamically controlled unequal amounts, for
example, [Rh!/(DIPHOS)/(re-si,2R-n-eneamide ester)]* and [Rh'/(DIPHOS)/(si-
re,2R-n-eneamide ester)]™. However, since the kinetically controlled slow step
of the reaction is dihydrogen activation, unrelated unequal amounts of two
cis-hydrogenated products, (aS,2R)- and (aR,2R)-a-acetamidophenylalanine
diastereomeric esters, are also produced. The achiral diphosphine was part of
a homologous series of Ph,P(CH,),PPh,, that is, achiral diphosphines where
n=3-6. The (2R)-bornyl (aS,2R)- and (aR,2R)-diastereomeric reduction
product mixtures were quantified by achiral gas chromatography and showed
diastereomeric excesses of 4.9% (aS,2R) (n=3), 9.1% (aR2R) (n=4), 13.6%
(aR2R) (n=5), and 12.0% (@R,2R) (n=6). Note the change in handedness
for the major reduction product with Ph,P(CH,);PPh,. What does the term
12% diastereomeric excess signify? Answer: a 56.0% (aR,2R) and 44.0% (aS,2R)
diastereomer ratio (n=6). Is this result predictable? Not really, unless we know
or guess the structures of the ephemeral transition states.

(re - si,R) face (top)

Ph_ NHAc
/ ,c:C N
H \/c:o
(0]
H

(si — re,R) face (bottom)

137

(re - si,R) face (top)

(si — re,R) face (bottom)

138
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7.3

Homogeneous Hydrogenation by Rhodium'/(Chiral Diphosphine) Catalysts
Differentiates the Enantiotopic Prochiral Faces of Olefins: The Curtin—-Hammett
Principle

Asymmetric hydrogenations with a C,-symmetry chiral diphosphine-bearing
stereogenic carbons (DIOP, 139) were reported in 1971-1972 by Kagan and
coworkers [87-89], see structure of [Rh'H/(S,S-DIOP),] complex (Refcode
HOXLRH [90]). In 1975, Knowles et al. [91] developed DIPAMP (140), a
C,-symmetry chiral diphosphine with stereogenic phosphorus atoms, see
[Rh!/R,R-DIPAMP/n*-cycloocta-1,5-diene] complex (Refcode IBOZAB [92]).
Knowles along with Ryoji Noyori and K. Barry Sharpless shared the 2001 Nobel
Prize in Chemistry for their seminal work in asymmetric catalysis. Earlier that
same year, Henri Kagan along with Ryoji Noyori and K. Barry Sharpless were
awarded the 2001 Wolf Prize in Chemistry in Jerusalem. These diphosphines,
respectively, form seven- and five-membered chelating rings with a [Rh!/(u-
Cl)/(COD)], precursor, where COD = cycloocta-1,5-diene. DIOP’s advantage is
that it was based upon readily available (+) or (—)-tartaric acid synthons, but its
disadvantage is the formation of a less rigid seven-membered chelating ring.

H3C CH; CH30
Oy

OCH,4

PPh, Ph,P
139 140

The aforementioned (—)-menthyl (137) or (—)-bornyl (138) chiral ester
substrates were hydrogenated with either (+)- or (—)-DIOP (139) to observe
the effect of constructive (match) or destructive (mismatch) steric fit involving
the chiral interactions of both substrate and catalyst. With the (—)-(3R)-
menthyl Z-a-acetamidocinnamate ester substrate, (4)-DIOP gave diastereomeric
excesses of 77% (aS,2R), and with (=)-DIOP: 53% excess of (2R)-menthyl N-
acetyl-(R)-phenylalanine ester reduction product [86]. The finding of different
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diastereomeric excesses upon inverting the chiral catalyst’s handedness is a
predictable outcome, what is unpredictable is knowing which catalyst will
provide the better result.

A series of (R,R)-trans-1,2-cycloalkyl analogues (141-143) of DIOP were
synthesized and resolved by Glaser et al. [93, 94] See crystal structures Ref-
code BZCBRH [95] [Rh!/R,R-141/5°-C(D4]*-ClO,~, and Refcode SIGKID [96]
[Pd!Cl,/+-143]*-CHCIl; solvate. The cyclopropyl analogue (144) was later
prepared by Molander et al. [97], see Refcode HAKJE] [Ni''Br,/R,R-144] The
goal was to rigidize DIOP’s seven-membered chelating ring by increasing the
PCH,—C-C-CH,P torsion angle as the carbocycle’s ring size decreased: 73°
(cyclohexyl-143), 94° (cyclobutyl-141), and 133° (cyclopropyl-144). Using
Z-PhCH=C(NHAc)CO,H (134), the proof of concept was seen by in situ
[Rh(R,R-141-143)] catalyzed reduction product enantiomeric excesses that
varied from 86% (R) (with cyclobutyl 141), 63% (R) (cyclopentyl-142), to 35% (R)
(cyclohexyl-143) [98]. For those not familiar with the term enantiomeric excess,

PPh, PhyP PPh, PhyP PPh, PhyP
141 142 143
H
P 1 1ICH
HyC1 1 P
H
PPh, PhoP

144 145
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it is the [(R)%—(S)%| absolute difference and quantifies an asymmetric reaction’s
enantioselectivity. Nonselective reactions afford a 50 : 50 product mixture.

In 1978, Brown and Chaloner [99] using 3!P {!H} NMR (301K) reported
that Z-a-benzamidocinnamic acid formed a pair of configurationally unas-
signed diastereomeric n-complexes with [Rh!/(S,S-DIPAMP)/(solvent),]*-BF,~
under argon in the ratio of about 7:1. They went on to show that subse-
quent hydrogenation of the solution gave an enantiomeric excess of 94%
N-benzamido-(S)-phenylalanine. MeOH solutions under argon of diastere-
omeric n-complexes of the [Rh!/(RR-cyclobutyl DIOP-type diphosphine
141)/(RCH=C(NR'C=0OR")COOR’"’) [100-103]]*-BF,~ were characterized
by Brown, Glaser, and coworkers [104] using *'P{!H} NMR spectroscopy.
These then underwent hydrogenation upon replacement of argon by hydrogen.
Low temperatures had to be used in many cases in order to reduce the slow
magnetic site-exchange line-broadening between complexes that varied by their
n-complexed prochiral faces. As expected, decreasing temperatures reduced the
linewidths and increased the quantity of the predominant solution-state species
in accordance with thermodynamic control.

These NMR and hydrogenation studies were performed in Oxford during
the summer of 1978, 2 years prior to the 1980 publication by Jack Halpern and
coworkers of the [Rh'/(S,S-CHIRAPHOS 145)/(ethyl Z-a-acetamidocinnamate
n-complex)]*-ClO,~ crystal structure, Refcode CHPSRH [105]. A later report
(2004) presented the crystal structure of the analogous [Rh!/(S,S-DIPAMP
140)/(methyl  Z-m,p-dimethoxy-a-acetamidocinnamate  w-complex)]*-BF,~
complex, Refcode IBOYUU [106] see 146. As an aid to structural analysis of
146, substructures within the complex are also presented as a side view of the
Rh!/(S,S-DIPAMP) chelate fragment 147 and as a head-on orientation of the
n-complexed prochiral substrate 148.

The binding interactions in X-ray determined structure 146 deserve some
comment. The +48° (+)-synclinal P-C—C-P torsion angle of (S,5)-DIPAMP
affords a A-twisted conformation five-membered chelating ring 146. A (+)- or
(—)-synclinal P—-C-C-P puckering angle of the five-member chelate defines
the ring’s respective A,A-twist sense. The re-si prochiral face of methyl a-
acetamidocinnamate is m-complexed to Rh!, and the acetamido oxygen is
also ligated to Rh' (see 148). In addition, a DIPAMP phenyl ring under-
goes an edge-to-face aromatic—aromatic interaction in which the phenyl and
the m,p-dimethoxyphenyl centroids are only 5.2 A apart (see the left arrow
in lower right 146). Inspection of the two aromatic rings to the left of the
lower arrow shows that the H +—— C(aromatic) dipole’s positive end in the
lower-right DIPAMP phenyl points toward the partially negative interior of
the cinnamate’s dimethoxyphenyl ring (remember that the OMe groups were
omitted in the drawing). Finally, the methyl ester’s partially positively charged
Crnethoxy 77 Oqiioxy dipole is aligned so that the methyl carbon is 3.97 A above
the upper-left DIPAMP phenyl ring-face (see right-arrow in upper left 146).
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All four host—guest interaction modes, together with an auspicious fit, make the
146 n-complex intermediate thermodynamically stable. It should be mentioned
that some of these interactions result from an intimate induced fit between
aryl group twist-orientations of the [Rh!/(S,S-DIPAMP)/(solvent),]™-BF,~ host
and the steric/electronic requirements of the methyl Z-a-acetamidocinnamate

guest.

= M)

‘e { = _\'";
{_,\'{j »..x
146 147 148

3IP{'H} NMR (241K) spectra of methyl (top) and ¢-butyl (bottom) Z-a-
acetamidocinnamate esters m-complexed/acetamido bound to [Rh'/(R,R)-
cyclobutyl-DIOP 141)/(MeOH),]*-BF,~ are depicted in plot 149 [104]. Today,
we have the advantage of having a crystal structure of one of the interme-
diates (which was unknown when our experiments were performed and the
article was written) [104]. 639.6(1) and 612(2) mean that chemical shifts
in both spectra can now be assigned to P(1) and P(2) phosphorus nuclei,
respectively, trans and cis to the acetamido-oxygen of diastereomer no. 1. In
a similar manner, §30(2) and 614.5(3) mean that chemical shifts can also be
assigned to P(1) and P(2) phosphorus nuclei, respectively, trans and cis to
the acetamido-oxygen of diastereomer no. 2. Each phosphorus multiplet is a
four-line doublet-of-doublets that arise from smaller 46(3) Hz 2J(P,-P,) and
larger 155(4) 'J(Rh—P) mean coupling values. P(1) and P(2) relative assign-
ments are in agreement with a 3!P spectrum of a similar complex in which
the vinylic C() was 50% '2C labeled and 20.5Hz 2J(CP) cis-geminal coupling
was now observed in the 8 ~ 13 equal-intensity 8-line P(2) multiplet [107]. The
ratios of the two diastereomers may be estimated by integration. The ratio of
diastereomers 1:2 is 93:7 for the methyl ester and 21:79 for the ¢-butyl ester
[104].
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Can these results be rationalized? They now can with today’s knowledge of crys-
tal structures. The close contact interaction of the CH;OC(=0)= methoxy carbon
due to the interaction of the C +—= O dipole and the nearby partially negative
DIPAMP phenyl ring interior was already commented upon. Exchanging a
methoxy-carbonyl for a more spatially demanding (CH;);COC(=0)-¢-butyloxy-
carbonyl would likely result in unfavorable steric problems. This strongly suggests
that increased ester steric bulk changed the predominate n-complexed prochiral
face from re-si (MeO substrate) to si-re (¢-BuO substrate). However, there was
absolutely no correlation between the thermodynamically controlled intermedi-
ate’s t-complexed face and that which eventually underwent kinetically controlled
cis-hydrogenation. The enantiomeric excess for the N-acetylphenylalanine
methyl ester product was 35% (R, MeO) and 52% (R, ¢t-BuO) for the ¢-butyl
analogue using the (R,R)-cyclobutyl-DIOP catalyst 141 [104]. When the chiral
diphosphine was changed to (S,S)-DIPAMP 140, then the same two esters gave
diastereomer-(no. 1:2) m-complex ratios (305K) of 93:7 (MeO) and 80:20
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(¢-BuO). Thus, the thermodynamically predominant diastereomeric intermediate
has the same prochiral face n-complexed to the metal using the (S,S)-DIPAMP
catalyst [104]. But, the hydrogenation product’s enantiomeric excess was a larger
95% (S) (MeO) and 92% (S) (t-BuO) [104].

The temptation to assign prochiral face re-si/si-re descriptors to the NMR
observed m-complexes based solely upon the reduction product’s handedness
should be resisted. Why? NMR observes thermodynamic ratios of intermediates
that exist prior to the kinetically controlled rate determining step of dihydrogen
activation. The well known Curtin—Hammett principle [108, 109] specifically
states that the relative thermodynamic stabilities of intermediates are not rel-
evant to the product distribution of kinetically controlled reactions involving
diastereomeric transition states. By the time the Oxford NMR studies were done,
one had to have a lot of faith in the Curtin—Hammett principle to state that a
ca. 90:10 ratio of n-complex intermediates with DIPAMP (governed by AG°)
could produce an inverted ca. 10:90 ratio of enantiomeric products (controlled
by AG¥). A few months later, this indeed was shown to be true.

Two X-ray crystallographic studies of DIPHOS chelated to Rh! (a molecular
oxygen complex [Rh!/(DIPHOS),/O,]*-PF,~, Refcode RHEPPO10 [110] and
a [Rh!/(DIPHOS),]*-ClO,~ complex, Refcode PPERHC) [111] were already in
the Cambridge Structural Database (CSD) in 1978. Another important crystal
structure at the time the NMR studies were being run in 1978 was the absolute
configuration and structure of the [Rh!/(S,S-CHIRAPHOS)/(COD)]*-ClO,"~
complex, Refcode OCPBRH [112] (150) published by Ball and Payne in 1977.
(S,S)-CHIRAPHOS [113] (145) and (R,R)-DIPAMP [91] (140) were the two
most efficient and successful chiral diphosphines for asymmetric hydrogena-
tion at that time, and both yielded (R)-N-acetylphenylalanine. Visually, it is
clearly seen that both of these chiral diphosphines have the same (+)-synclinal
P—C-C-P twist to their five-membered A-chelating rings with Rh!, and all
exhibited axial-phenyls with antiperiplanar C(ipso) yeny—P—Cepelae —H relation-
ships. Fryzuk and Bosnich [113] hydrogenated Z-o-benzamidocinnamic acid
in THF using their [Rh!'/(S,S-CHIRAPHOS)/(NBD)]*-ClO,~ catalyst (where
NBD = norbornadiene) and obtained an amazing 99% enantiomeric excess of
N-benzamido-(R)-phenylalanine. Since both the (S,S)-absolute configuration
of CHIRAPHOS, the P-C-C-P A-twist, the skew of the geminal phenyl rings,
plus the (R)-handedness of the a-acylamino acid hydrogenation products were
now known, those working in the field would muse about the (re-si)/(si-re)
identity of the substrate’s thermodynamically preferred prochiral face that
was m-complexed to the Rh' intermediates observed in our 3'P{!H} NMR
spectra.

Molecular modeling studies in Autumn 1978 strongly suggested that the
best host—guest fit would have the wrong m-complexed/acylamido (re-si)-face
bound to the A-twisted five-membered chelated [Rh'/(S,S-CHIRAPHOS)/
(solvent),]*-ClO,~ complex compared to that required to produce the major
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chiral reduction product (R. Glaser, unpublished results). In other words,
cis-hydrogenation of this face would produce N-acyl-(S)-amino acids, while
(S,S)-CHIRAPHOS (145) was known to generate the (R)-enantiomers [113]. The
proof of this hypothesis was found in the last of the six bimonthly issues of Inor-
ganica Chimica Acta for 1979. Halpern and coworkers [107] published a crystal
structure (151) molecular graphic of methyl Z-a-acetamidocinnamate bound
to a [Rh!/(DIPHOS)]*-BF,~ n-complex, Refcode DPEMRH (unfortunately,
no coordinates were deposited in the CSD). Both molecular graphics-
type representations of Rh' complexes of (S,5)-CHIRAPHOS (150) and
DIPHOS (151, Halpern molecular graphic with atom coloring by the author)
showed common A-twisted-diphenylphosphino Ph,PCCPPh, spatial dis-
positions for the [Rh!/(DIPHOS and S,S-CHIRAPHOS)] chelating moiety.
What was striking was that the published A-twisted-151 molecular graphic
indeed had the wrong methyl Z-a-acetamidocinnamate (re-si)-face bound
to the Rh!/(S,S)-A-twisted diphosphine and would yield the incorrect (R)-
configuration cis-hydrogenation product. Surprisingly, this very important
conclusion was not mentioned in the communication. But, by the time the
author had this proof, the Brown et al. [104] paper had already gone to
press.

A-twisted-150 A-twisted-151 A-twisted-152

Just 2 years later, Halpern’s group published the [Rh!(S,S-CHIRAPHOS)(re-si)
ethyl Z-a-acetamidocinnamate]*-ClO,~ crystal structure (Refcode CHPSRH
[105], again without coordinates). However, the publication’s A-twisted-152
molecular graphic (atoms colored by the author) indeed showed the wrong
n-complexed/a-acetamido (re-si)-face bound to the [Rh!(S,S-CHIRAPHOS)]
moiety. This intermediate was then subjected to solution-state 3'P{!H} NMR
analysis, and only one diastereomer could be detected. A hydrogenation was then
performed giving >95% enantiomeric excess of the N-acetyl-(R)-phenylalanine
ethyl ester product. This product had to arise from a (si-re)-bound intermediate
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that was unobserved (i.e., a so-called hidden partner) in the 3'P{'H} NMR
spectrum. The Halpern group’s findings unequivocally proved that the enan-
tioselective asymmetric hydrogenation pathways were indeed governed by the
Curtin—Hammett principle (i.e., the major reduction product was produced
from the minor intermediate).



8
Stereogenic Elements, Chirotopicity, Permutational Isomers,
and Gear-Like Correlated Motion of Molecular Subunits

8.1
Stereogenicity, Stereogenic Elements, Chirotopicity, and the Ambiguity of Some
Stereochemical Terms

There are stereochemical terms based on symmetry whose meaning is ambigu-
ous or unclear or even oxymoronic. For example, the terms “chiral or asymmetric
center,” and “chiral plane” are strange since the adjective “chiral” cannot logically
modify symmetry elements of the Second Kind. On the other hand, “chiral axis” is
reasonable since it does not refer to a bent axis but rather to a rotational symmetry
element in a nonasymmetric C,-symmetry point group molecule (i.e., one where
n#1). However, many chemists use the term “chiral axis” to refer to chirality of
an axis through the three C=C=C carbons in the d,/-allene MeCH=C=CHMe.
This axis is not even a rotational symmetry axis at all since the methyl groups are
disposed orthogonally to each other.

An even more problematic example is the term “asymmetric” carbon atom.
Most chemists usually understand what is meant by an “asymmetric” carbon
atom, that is, the ability to generate another isomer (an enantiomer) by exchang-
ing the locations of a pair of different ligands on a tetrahedral atom bearing
four different substituents (a so-called maximally stereochemically labeled
tetrahedral carbon). This atom is the most common example of a stereogenic
element. Stereogenic elements are structural features in a molecule that give
rise to a new isomer when changed to the second of two possibilities. Inter-
changing any two of the four ligands on this particular stereogenic element
produces a new isomer. The case of a tetrahedral bonding geometry is special
since the new isomer is always an enantiomer no matter what pair of ligands is
exchanged [76]. Ligand exchanges in other bonding geometries (e.g., maximally
labeled octahedral atoms) may generate either enantiomers or diastereomers
[76]. Examples of stereogenic elements include (R,S)-tetrahedral atoms, or
(P,M)-screw sense (helicity) helices, or (A/A)-twists of five-membered chelating
rings, or tropicity (directionality) of a substituent pattern on chiral ring con-
formations, or the relative tropicities of catenane rings, and so on. However,

Symmetry, Spectroscopy, and Crystallography: The Structural Nexus, First Edition. Robert Glaser.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
Companion Website: www.wiley.com/go/Glaser/Symmetry
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“asymmetric” can just as well apply to an atom’s local site symmetry [114]. If
a molecule is asymmetric (C,-symmetry), then all of its subunits must also be
asymmetric. By this, we mean that asymmetric molecules have no symmetrical
building blocks since their asymmetric molecular orbitals generate asymmetric
electron distributions around all atoms. Logically, one cannot imagine symmetry
within an asymmetric environment (it is a mismatch). For example, there are no
chiroptical properties arising from an inherently achiral carbonyl chromophore
within an achiral molecule. However, if the same chromophore is embedded
within a chiral molecule, then the asymmetric electron distribution around the
carbonyl, for example, will make it an “asymmetric carbon” that will induce n —» x
circular dichroism. This ambiguity of meaning was perplexing from the very
beginning of van’t Hoff’'s use of the term “asymmetric carbon atom” in 1874.
van’t Hoff realized that meso molecules can be constructed from maximally
labeled tetrahedral carbons CR!R?R3R?* in which two of them (R® and R%)
differ only in chirality (i.e., they are heterochiral, e.g., R®=(R)-CH(Ph)CH,
and R*=(S)-CH(Ph)CH;). However, in a tetrahedral bonding arrangement,
these chiral R® and R* groups will be enantiotopic by reflection through a
o-plane bisecting all three R'~C-R? atoms, for example, R =H and R?>=CL
Hence, the molecule is meso and naturally achiral, and yet exchanging the
locations of R! and R? produces a second meso isomer. This is illustrated by the
meso-cyclopropanes 153 and 154, where the achirotopic stereogenic carbon
is colored gray. A result of this logical dilemma was van’t Hoff’s assignment
of the term “pseudoasymmetric” to the central carbon atom in these meso
compounds. The existence of “asymmetric”/“pseudoasymmetric” carbon atoms
(or “octant”/“antioctant” rules in chiroptical spectroscopy) clearly points to a
logical flaw [114].

O o O o

153 154

In 1984, Mislow and Siegel [114] reported a solution to the asymmet-
ric/pseudoasymmetric problem by separating stereogenicity/nonstereogenicity
from the concept of local site symmetry (chirotopicity/achirotopicity). In this
new approach, the terms chirotopic/achirotopic are statements describing
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the chirality/achirality of a particular single locale/site/point, as opposed
to comparisons of symmetry equivalence between multiple subunit locales
(homotopic, enantiotopic, etc.). Thus, a point (either occupied by an atom, or
on a bond, or located in space around a molecule) is chirotopic if it exhibits
chiral local site symmetry, that is, its site shows either identity or rotational
symmetry. In other words, one may consider an asymmetrically chirotopic
point or C,-symmetrically chirotopic point (n>2). Both pseudoasymmetric
atoms in 153 and 154 can be described as being “stereogenic and achiro-
topic,” whereby van’t Hoff's conceptual ambiguity has now been corrected.
The “commonly recognized” maximally labeled asymmetric carbon atom will
now be “stereogenic and chirotopic.” In this manner, vinylic carbons in a cis-
/trans-2-butene pair of diastereomers are “stereogenic and achirotopic,” while
the terminal methyl-carbons are “nonstereogenic and achirotopic.” Inspection
of the achiral solvated oxirane 110 shows that all points in the molecule are
chirotopic except those achirotopic points comprising the o-plane or the
midpoint of the C—C bond or the oxygen atom. On the other hand, all points
in chiral solvated oxirane 111 are chirotopic since they have C; local site
symmetry.

8.2
Triarylamine Propellers

P and M describe the twist sense of helices, propellers, and screws. We will
see that all atoms in triphenylamine (P,M)-155 (Refcode ZZZJCQO1, two sets
of asymmetric P,M-symmetry independent molecules in the asymmetric unit)
[115] are chirotopic since the entire molecule is chiral. The solvated molecules
exhibit three-bladed right- or left-handed propeller-like geometries having
dihedral D;-symmetry. A Cj-axis passes through the trigonal nitrogen atom
perpendicular to a hub plane defined by the three C(ipso) ring atoms while
C,-axes transit each of the three (ipso-para) carbon pairs. A least one C,-axis
through an N-C(ipso) bond guarantees that the trigonal nitrogen resides
within the hub plane. A highly strained coplanar geometry of rings would
permit extensive nonbonding electron-pair delocalization at the high expense
of very short inter-ring H(ortho)- - -H(ortho) distances that are considerably less
than the sum of the two van der Waals radii. On the other hand, a sterically
free paddle-wheel arrangement (each phenyl is orthogonal to the hub plane)
also places the nitrogen’s nonbonding electron p-orbital orthogonal to the
ring’s m-orbitals and results in lone-pair localization. In the solid state, about
46(7)° propeller twist angles (relative to the hub plane) represent an effective
compromise between the two stereochemical extreme molecular geometries.
Since delocalization involving the nonbonding pair p-orbital and the aromatic
n-orbitals is governed by a cosine relationship, propeller-like triarylamines are
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still nonbasic even with a ~45° twist and run with the solvent front on a TLC
silica plate. Perusal of the carpenter’s plane hand tool depicted in 156 shows
that only left-to-right movement can cut a sliver of wood. This is the same
principle of a wood screw (or an airplane propeller), where by convention a
clockwise torque on a screwdriver drives the screw into the plane of the wood.
So, it is helpful to think of triphenylamine propellers as screws, for example,
right-handed screw sense (P)-155. The chirotopic nitrogen and all the ipso-para
carbon pairs reside at C; and C, rotational sites of symmetry, respectively, while
all the ortho-meta carbons are “off-axis” and exhibit only identity (C;) local
site symmetries. Therefore, the propeller molecule’s chirotopic sites are either
asymmetric or rotationally-symmetric. Since the upper and lower sides of 155
are homotopic, they must exhibit the same screw sense when viewed from either

side.
(P)-155 (M)-155 156
8.3

Dynamic Stereochemistry of Permutational Isomers: Correlated Motion in Triarylamines

Glaser et al. [116] have reported on maximally stereochemically labeled triary-
lamines composed of three aryl rings where each contains a different o-substituent
(see 157 and 158). Three stereogenic elements exist in these permutational iso-
mers since o-substituents on each of the three different rings can be disposed either
as “up” or “down” vis-a-vis a hub plane viewed from the same arbitrary vantage
point. By this, we mean that if rings are described as “rings 1-3,” then the 157,
158 phenyl ring trio has 1 — 2 — 3 clockwise tropicity arbitrarily defined as the
“standard orientation”. We have to always bear in mind that flat, enantiotopic,
almost cyclic curved arrows change their tropicity when viewed from the other
face (i.e., the hurricanes and cyclones). A fourth stereogenic element is the right-
handed (P) or left-handed (M) helicity (screw sense) of the three-bladed propellers
[116, 117]. The net result is that 2* = 16 isomers are possible (i.e., eight d,/-pairs of
diastereomers). These enantiomeric or diastereomeric molecules are denoted as
permutational isomers since their constitutions are always invariant.
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The nitrogen may not reside within the “hub plane” defined by the three aryl
C(ipso) carbons, because three different aryl rings are ligated to the nitrogen
central hub. Why? Only two geometrical conditions may enable the nitrogen
to occupy the three-atom hub plane. One is that a reflection plane be passed
through all four atoms, an impossibility due to the aryl-propeller’s 45(8)° mean
tilt to the hub plane. We already know that a second possibility exists if at least
one C,-axis can be passed through a N-C (ipso) bond. However, the different
ortho-substituents of each ring are incompatible with C,-symmetry. Therefore,
nitrogen’s very low 0.201(6) A height above the hub plane shows that it is the
apex of very shallow pyramid (quite different than the steeper nitrogen pyramid
geometry of trialkylamines) [116]. This pyramidality is genuine and definitely
not a result of crystal packing forces. Why? It is expected since the hub’s two
faces are diastereotopic and not symmetry equivalent. But, is the pyramidality
stereogenic? In other words, do we have to consider 2° permutational (R)/(S)-
isomers? Answer: only 2* isomers will suffice since the ground-state hub plane is
pseudoplanar solely due to symmetry constraint (and not structural constraint)
since the inversion barrier of the pseudo-sp®-nitrogen is less than RT calories
[118].

When ring-1=C,H,—0-C(=0O)OCH;, ring-2=a-naphthyl, and ring-
3=biphenyl C,H,—o0-Ph, then crystallization afforded polymorphous tri-
arylamine crystals in the same flask (rac-157 triclinic P1 space group prisms
(Refcode MANTHA,) and rac-158 monoclinic P2,/n space group needles
(Refcode MANTHB) [116]. Their readily observable differences in crystal habit
(general external shape) enabled them to be hand-separated into two piles, see
photo 159. Despite the 157, 158 pair’s opposite (P,M)-helicity, they cannot be
related as enantiomers since both exhibit invariant 1 —2— 3 clockwise hub
tropicity and “up”-labels for all o-substituents of rings 1-3. During the time
the X-ray crystallographic work was being performed, Dr John Blount (head
crystallographer at Hoffmann LaRoche Pharmaceuticals) telephoned Princeton
and requested that the vial of needles be brought back up to Nutley, NJ, since
he wanted to choose a “fatter” needle specimen. As a professional, he desired to
report bond lengths with the customary third decimal place precision, but the
original needle-type data crystal was just “too thin” for adequate signal/noise
diffraction measurements. Crystallographers prefer to receive prisms since
the crystal is “fat” in all three dimensions, “platelets” come next in favor, and
thin “needles” bring up the rear. The following day, Dr Blount noted that the
new (Refcode MANTHC, monoclinic P2,/a) [116] needle is a different needle
whose —C(=O)OCH, group was rotated by about 180°” to vyield exo/endo
rotamers. The visually similar endo-carbonyl 160 monoclinic P2,/a space
group needle (Refcode MANTHC) [116] was a conformational polymorph
of exo-carbonyl 158 [116]. For the purpose of the following stereochemical
discussion, the endo/exo-carbonyl dispositions should be neglected and treated
only as a secondary stereogenic element. Why? Nothing in the discussion
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would be changed if trigonal —~C(=0)OCH, is replaced by a conical bromo
substituent.

~0 o |
= Wf@v&
fg,éc o 7% 29,

160

How does one keep track of the structural identities of so many similar
looking isomers? Answer: by assignment of unique descriptors to each of the
permutational isomers. A binary four-digit unique stereochemical descriptor
may be affixed to each of the isomers, in which helicity is denoted as [weee]
(where “w” is 0 for P and 1 for M); and [exee] x refers to ring-1’s o-substituent
disposition where 0 = up and 1 = down relative to the 1 — 2 — 3 clockwise tropicity
hub reference plane [116]. A similar convention is utilized for ring-2’s [eeye] and
ring-3’s [eeez] binary digits. Different binary [wxyz] descriptors readily inform
us that (M)-all up [1000]-158 is a diastereomer of (P)-all up [0000]-157 and
not an enantiomer. Why? The enantiomer of [0000]-157 must have all of its
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stereogenic descriptors inverted (i.e., [1111]) and not only just one. Why not
just rotate [0000]-157 180° out-of-plane so that the substituents are all-down?
Answer: it is forbidden since when viewed from above, the resulting anticlockwise
(or levo) 1 — 2 — 3 tropicity hub plane is simply not the “standard dextro ref-
erence orientation” used to define [0111], although the (P)-helicity would be
the same.

We will now discuss the correlated motional modes responsible for helic-
ity interconversion between all 16 permutational isomers. By correlated
motion, one means that as one part of a molecule (e.g., a single aryl ring)
starts to twist about its N—C(ipso) bond, it engenders a commitment defined
motional response by the other two aryl rings. Each and every dynamic
stereochemistry step interconverting these compounds always involves the
two elements of (P,M)-helicity inversion accompanied by ortho edge-label
exchange. Four mechanisms are possible [119]. The three-ring flip mecha-
nism proceeds via a three orthogonal-ring hub transition state (see 161).
This diastereomerization mechanism interconverts [0000] on the left with
oppositely handed diastereomer [1000] on the right, since the solid bold black
top-edges signify “up” ortho-substituents and the unsubstituted “down” edges
are gray.
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161

Isomer [0000] (on the left) is converted into oppositely handed diastereomer
[1100] (on the right) via the two-ring flip diastereomerization mechanism 162.
Notice that the bold top-edge of [1100] ring-1 is white with black borders, while
the “down” ortho-substituent is edge-labeled as bold solid gray. At the time the
work was done, it was already established that (without known exception) the two
ring-flip is the lowest energy mechanism for triarylamine helicity interconversion
[120]. In this threshold mechanism (i.e., the minimum energy process when
multiple processes are theoretically possible), one ring rotates through the hub
plane via a coplanar to hub-plane transition state and then takes its o-substituent
to the opposite face. The other two rings have orthogonal to the hub-plane
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transition states. These two rings flip (like wind shield wipers) and keep the
flipped o-substituents on the same hub-plane face during the helicity reversal.
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The one-ring flip diastereomerization mechanism (163) interchanges isomer
[0000] (on the left) with the oppositely handed diastereomer [1101] (on the right).
Finally, the zero-ring flip enantiomerization mechanism (164) interchanges iso-
mer [0000] (on the left) with enantiomer [1111] on the right.
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The triarylamine propeller’s correlated motion enables it to be considered as
a molecular gear assembly consisting of a cyclic system of three-primitive two-
pronged gear-wheels. The simple fact that there is defined correlation motion
means that it is a gear. Then why isn’t helicity interchange occurring via con-
stant rotation of all three interleaved aryl-rings? Answer: There is no limit to the
number of interleaving gear wheels in a lateral gear train such as 165. But, there
is a mechanical constraint based upon the parity of cyclic gear-train interleav-
ing gears, since pairs of gear wheels must undergo disrotatory relative motion as
in the three-gear lateral set 165. However, notice that this cannot happen in the
three-gear cyclic set 166, although there is certainly no difficulty with four-wheel
cyclic set 167. Removal of this mechanical constraint is the basis of the two-ring
flip mechanism in which after each helicity interchange, another of the three aryl
rings becomes the nonflipping partner for the next consecutive two-ring flip.

0@

165 166 167

Using graph theory, we may graph eight permutational isomers upon the
vertices of a cube (168, a three-dimensional Cayley diagram). Each of the cube’s
eight sides symbolizes a two-ring flip interconversion. Enantiomeric pairs are
graphed on the termini of the four diagonals through the cube’s center. Starting
with [0000], three different two-ring flips produce [1100], [1010], and [1001].
From [1100], two different two-ring flips yield new isomers [0110] and [0101].

[0011] [1111] [1011] [0111]

[1010] = '~ | [0010] = T~ |
[0110] [1110]
[1001] [0001]
[0101] 7 [1101]
[0000] [1100] [1000] [0100]
168 169

From [1001] comes new [0011]. Finally, all three isomers [0110], [0011], and [0101]
afford the same new eighth isomer [1111].
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Dissolving (+)-157 [0000], [1111] crystals in an NMR tube filled with CD,Cl,
precooled in a dry ice/acetone bath and rapid insertion into a —40 °C precooled
spectrometer probe enabled the initial measurement of a weighed time-averaged
63.03 CH, singlet and a 651.5 OCHj signal. Repeating the measurements on
a cold solution of dissolved (+)-158 [1000], [0111] crystals afforded different
signals (63.38 and 652.1) for corresponding nuclei. The reason for different
chemical shifts is that the two ring-flip mechanism alone cannot interconvert
all 16 permutational isomers (eight d,/-pairs) when this is the only available
mechanism at very low temperature. The mechanism can interconvert only eight
permutational isomers (eight d,/-pairs, see cube 168) starting from (x)-157
[0000], [1111] crystals. The second set of eight isomers (see cube 169) is derived
from the (+)-158 [0000], [1111] crystals. At low temperature, the cubes represent
two disjoint graphs, that is, they share no common topological point. A higher
energy second mechanism (i.e., a nonthreshold energy mechanism) is required for
complete dynamic interchange between the 16 permutational isomers in the two
sets.

The —21°C equilibration of both sets (via a higher energy one or three
ring-flip mechanism) had a AG*=17.8kcalmol™! barrier measured from
either 157 or 158 crystal. The two ring-flip threshold mechanism’s AG* at
—40°C must be lower than 17.8 kcal mol™! since two different sets of weighted
time-averaged NMR signals were observed from the rapid interconversion
of each group of eight permutational isomers. Since these weighted time-
averaged structures afforded anisochronous signals, the sets must be different
in composition (i.e., residual diastereomers). Residual means that some mea-
sureable diastereomeric character remains for each NMR anisochronous
set of rapidly averaged eight isomers in 168 versus that observed for 169.
Complex topics, such as this, can be mind boggling and are the reason why
Mislow insists that stereochemical concepts must always be 100% logically
correct.

8.4
Relative Stereochemical Descriptors: Retro-Inverso Isomers

The rate of increasing concentration in the blood stream upon dissolution of a
tabletted drug is called pharmacokinetics (what the drug does to the body). Peptide
pharmaceutical agents are usually administered by injection since they undergo
rapid hydrolysis in our stomach/gastrointestinal track. This is called pharmaco-
dynamics (what the body does to the drug). Some of these drug-administration
liabilities can be considerably emolliated by retro-inverso (RI) peptide transforma-
tions. The concept is partially based upon inverting the specific ordering of amino
acids in the historical, but arbitrarily chosen, N — C direction (characteristic of
a naturally occurring L-peptide segment, e.g., 170). RI peptide transformations
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utilize D-amino acids (inverso configuration) whose order is reversed (i.e., retro
ordering beginning from the C-terminus rather than the usual N-terminus); see
171. There is a high probability that the spatial arrangement of the RI’s pharma-
cologically important side chains will be quite similar to that in the native peptide.
A salient review of this field has been written by Michael Chorev [121]. Peptide
bond direction reversal coupled with C(a) chirality inversion generates diastere-
omeric peptides that are characterized by markedly increased resistance to rapid
metabolism [121]. Furthermore, if needed, gem-diaminoalkyl and 2-alkyl-malonyl
amino acid surrogates reposition the end groups to reintroduce their original dis-
positions relative to the N- and C-termini in 170 [121]. Murray Goodman’s group
pioneered the use of partially modified retro-inverso (PMRI) and end group mod-
ified retro-inverso (EGMRI) transformations to produce a wide variety of highly
active long-lived peptide analogues. These modifications enable a limited seg-
ment of an L-peptide to be replaced by PMRI and EGMRI peptide surrogates.
For example, B-endorphins are naturally produced pentapeptide opiates that were
once thought to hold great promise as analgesics due to their endogenous origins.
They are responsible for the so-called runner’s high. However, they were thera-
peutically disappointing due to their extremely rapid metabolism upon injection.
But, a 5pg injection of one partial RI end group modified [Met®] enkephalin-
induced catatonic behavior in rats, which lasted 3 h [121]. A very happy rat indeed!
Philosophically, one may muse that life without pain could produce deleterious
effects (severely cutting our hands or leaving them in the fire).
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The natural L-configuration and N — C tropicity are readily recognizable RI ref-
erence standards for peptides. However, such reference standards are not apparent
for many compounds, for example, substituted or labeled medium ring chiral con-
formations [122, 123]. The boat—boat conformation of the parent cyclooctene
skeleton is chiral, see 172 (vinylic carbons colored gray). One enantiomer, for
example, (reference)-172, is arbitrarily chosen to be the ring-chirality reference.
Its enantiomer is ring-inverted and bears a (inverso)-173 relative configurational
descriptor.

(reference)-172 (inverso)-173

Addition of a second stereogenic element (e.g., an oxygen stereochemical
label) gives rise to two d,l-pairs of boat—boat 4-oxacyclooctene diastereomers,
174-177. The residence of oxygen in one of the two cyclooctene diastereotopic
homoallylic positions results in the duplication of isomers. Again, the ring chi-
rality and O — C=C label tropicity of one isomer is arbitrarily selected to be the
relative stereochemical reference for both stereogenic elements, for example, (ref-
erence)-174. The enantiomer is assigned the relative configurational descriptor
(retroinverso)-175 because it has both reversed O — C=C tropicity and inverted
ring chirality. The relative descriptors of the (retro)-176 and (inverso)-177
diastereomers denote only the single inverted stereogenic element in the d,/-pair
(again relative to (reference-174).

Is there a practical use for this nomenclature in medium-ring stereochemistry?
The answer is “yes,” especially if you are planning to synthesize a series of struc-
turally related compounds. “Retro-inverso” nomenclature provides a means of
differentiating the substitution patterns in diastereomeric d,/-pairs. Even if only
one medium ring is to be made, its structure should be compared to others in the
literature. Consider again the nonnarcotic analgesic drug (+)-nefopam-HCl (50)
[45]. Its (reference)-178 and (retroinverso)-179 enantiomeric boat—boat chiral
conformation can be compared with different boat—boat conformations found
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for the structurally similar crystalline (+)-thianefopam-cyanamide (retro)-180
and (inverso)-181 (Refcode SUGJOV, L. Ergaz and R. Glaser, unpublished data)
[124]. One would have expected that simple sulfur substitution of nefopam’s oxy-
gen would have engendered a stereochemically similar product. Note the different
boat—boat ring positions of the endocyclic nitrogens (N-CH;/N-C=N), phenyls,
and oxygen/sulfur atoms. Structures 178-181 illustrate how RI nomenclature
allows one to define both the structural similarities and differences between
the four boat—boat medium rings. Obviously, we are dealing with two sets of
nonisomers (i.e., ieteromers), but here a structural chemist might be primarily
interested in the comparative stereochemistry of the four different boat—boat ring
skeletons and their heteroatom substitution patterns (178 —181). The boat—boat
rings of (reference)-178 and (retro)-180 are homochiral, but their phenyl — benzo
tropicity is reversed when viewed from the same convex (exo) side. Similarly,
the phenyl — benzo tropicity of (reference)-178 and (inverso)-181 is the same,
but their boat—boat rings are heterochiral. Of course, in any discourse of this
comparative stereochemistry, one is first obliged to explain how the relative
descriptors are to be applied.
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(retro-inverso)-179

(reference)-178

(inverso)-181

(retro)-180
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Symmetry in Extended Periodic Arrays of Molecular Crystals
and the Relevance of Penrose Tiling Rules for Nonperiodic
Quasicrystal Packing

9.1
Symmetry in Extended Arrays/Molecular Crystals

Space-filling symmetry within periodic extended arrays is described by space
groups. Chiral space groups are those containing symmetry operations of only
the First Kind. They lack all operations of the Second Kind (i.e., those that invert
the handedness of symmetry-equivalent chiral objects: for example, reflection,
inversion, rotatory-reflection, and reflection-translation or glide-reflection).
Achiral space groups are those comprised of operations of both the First and
Second Kinds. Illustration 182 depicts a p2mm 2D space group achiral array of
M. C. Escher racemic chiral birds (183), which will be used as a heuristic device
to explain some of the terminology of periodic extended arrays [125]. In this
analogy, the Escher birds represent molecules.

A unit cell is the basic building block (repeat unit) of a periodic crystal and is
duplicated up and down, sideways, and on the diagonal using only the translation
symmetry operation. Later on, we will discuss nonperiodic crystals (i.e., quasicrys-
tals). All periodic and nonperiodic crystals share a common attribute: they have
order. Order in a periodic crystal is brought about by the mosaic of unit cells and
the space group’s symmetry operations. But, as a brief aside, order in nonperiodic
crystals is induced by tiling rules that govern the placement of 36° or 72° oblique
angle rhomboid tiles and thereby engender local fivefold symmetry within non-
periodic crystals. The nonperiodicity of quasicrystals and unit cells are mutually
exclusive and will be discussed in detail later on.

Symmetry, Spectroscopy, and Crystallography: The Structural Nexus, First Edition. Robert Glaser.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
Companion Website: www.wiley.com/go/Glaser/Symmetry
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All M.C. Escher works © 2014. The M.C. Escher Company — The Netherlands. All
rights reserved. Used by permission. www.mcescher.com.
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183 184

All M.C. Escher works © 2014. The M.C. Escher Company — The Netherlands. All
rights reserved. Used by permission. www.mcescher.com.

Since identity must always be present in every group, and translation must also
be found in every space group, they are known as trivial operations (in the sense
of being commonplace or ordinary). A one-bird asymmetric unit (183) contains
the minimal amount of structural information required to generate the entire 184
unit cell utilizing all the space group’s symmetry operations (e.g., 6,, 6,, and C,)
except translation. If only the two trivial operations comprise the space group,
then the asymmetric unit is the entire unit cell. But, if additional operations are
present as they are in 184, then asymmetric unit 183 represents only one-quarter
of unit cell 184. In periodic lattices such as 182, the Z = 4 parameter states the
number of complete bird 183 graphical/molecular units (formula units) required
to fill unit cell 184, using the 2D p2mm space group’s 6,, o, and C, symmetry
operations. These operations generated two d,/-pairs of chiral birds. The crystals
are achiral since these mirrors reflect left into right asymmetric units and vice-
versa. The Z' parameter reports the fraction of an object/molecule (i.e., formula
unit) that comprises the asymmetric unit. Since the chiral Escher bird 183 is also
asymmetric, then Z’ = 1.

There can be no symmetry elements within an asymmetric unit. By defi-
nition, all objects, molecules, and skewed birds residing within the bounds
of the asymmetric unit are chiral and asymmetric. The lattice points in the
asymmetric unit are called general positions of crystallographic symmetry. They
are transformed from asymmetric unit to asymmetric unit by the space group’s
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symmetry operations. Where must the symmetry elements of a 184 unit cell
be located? Answer: only on the asymmetric unit’s boundaries and this is no
accident. A symmetry element’s locale of points will always remain invariant
in space under its symmetry operation. As a result, this is probably the basis
for referring them as being special positions. While all general positions are
asymmetrically chirotopic, special positions can be either C,-symmetrically
chirotopic (where n is strictly limited to 2, 3, 4, and 6) or achirotopic (for all those
of the Second Kind, excluding glide-reflection planes). Why is a glide-reflection
plane not a special position? Answer: special positions are those that can be
occupied by molecules having the exact same point group symmetry element.
Symmetry operations based upon translation (pure translation, screw-rotation,
and glide-reflection) are found only in space groups and, thus, can never be found
in a molecule.

Characterization of general and special positions of symmetry need not be con-
fined only to crystals [125]. The terms general and special positions of symmetry
need not be confined only to extended arrays [125]. Let us consider the 3P mag-
netic nuclei within 185 (Refcode DPTCIR [126], no coordinates deposited). They
have symmetry-equivalent A- and X-partners due to the presence of molecular
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symmetry operations. Furthermore, consider a nonsymmetry-equivalent third
nucleus X residing upon the same special position of molecular symmetry that
relates the A-nuclei pair (see (- - -) C,-symmetry element in 186). If an X-nucleus
vicinal coupling constant to one A-nucleus neighbor is 3]y, then there must be
an identical 3] ,5 coupling to the second A-nucleus. In this case nuclear magnetic
resonance (NMR) spectroscopists state that X is isogamous to each A-nucleus.
Isogamous is the Greek isos (“equal’) and gamy (“mating,” as in monogamy,
bigamy, polygamy, etc.). In other words, not only are the two A-nuclei symmetry
equivalent to each other, but we say that they are also magnetically equivalent
to X. As a result, an A,X, 3!'P four-spin system’s A, and X, 2:4:2 transition-
intensity simple triplets derive from first-order splitting, and the determination
of §, and &y chemical shifts and their single mutual 3/,y coupling constant is a
very simple task [125].

Next, consider the same symmetry-equivalent A, pair, but now X occupies a
general position of molecular symmetry. Since the X-position is asymmetrically
chirotopic, then X can never be equivalently spin—spin coupled to any pair of
symmetry-equivalent neighbors (see 187 and 188). X1 is cis to Al and trans to
A2. The crystal structure of 187 is found in Refcode BOPPEB20 [127]. Now, X is

(CeH11)2P P Cl
Pt pt

Cl P P(C¢H44)2

188
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anisogamous to each A-nucleus, and the two A-nuclei are not magnetically equiv-
alent to X. This situation leads to an extremely complicated AA’XX’" four-spin
system. This second-order spin system is extremely complex since every nucleus
is spin—spin coupled to every other nucleus in the system to afford 3/ 4y, 3/ x/x,
3] sar» and 3]y couplings that require computer simulation to solve the unsym-
metrical multiplet [125, 127]. We all remember that symmetry-equivalent nuclei
do not spin-couple to each other in our everyday first-order spin systems.

9.2
Achiral Periodic Arrays of Chiral Objects and Racemic Compound Crystal Lattices

Crystallization of a racemic mixture will yield achiral crystals approximately 90%
of the time. In this case, both enantiomeric birds reside in equal amounts and
at well-defined locations in the achiral 184 unit cell. Such a crystal is called a
solid-state racemic compound, since all of its physical and chemical properties that
depend upon the solid-state packing arrangement will differ from those of a chiral
crystal filled with only chiral compounds of identical handedness; see 189 (where
Z =4 and Z' = 1). In other words, the solid-state-dependent properties of a one
enantiomer chiral crystal differ from those of the racemic compound crystal as if
the latter were a different compound. Some of these properties of racemic com-
pounds include X-ray diffraction (single crystal or powder), solid-state CPMAS
(cross polarization magic angle spinning) NMR, circular birefringence (optical
rotation), circular dichroism, solubility, rate of dissolution, melting point, density,
storage stability, and so on. Racemic modification is the older term for racemic
compound.

In many space groups, the choice of origin is set by historical convention, while
in others, it is set by the crystallographer. In array 182, any of the C, axes generated
by the intersecting mirror planes in the achiral array is a logical locale to place the
cell origin (i.e., between either the bird heads or the bird wings).

9.3
Chiral Periodic Arrays

Illustration 189 depicts a chiral periodic array of anticlockwise rotating birds.
Both the 187 racemic compound and the chiral 189 unit cells have parameters Z =
4and Z' = 1, since the four asymmetric birds have no choice but to occupy general
positions. Crystallization of a racemic mixture of molecules affords chiral crystals
only about 10% of the time. Pasteur’s crystallization of about 20 different paratar-
trate (i.e., racemic acid, see introduction) salts and the parent diacid afforded
only one example of a spontaneous resolution (sodium ammonium paratartrate).
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189

All M.C. Escher works © 2014. The M.C. Escher Company — The Netherlands. All
rights reserved. Used by permission. www.mcescher.com.

The chiral crystals formed via this process represent a conglomerate (a mechanical
mixture, such as concrete’s sand and cement) of (+)-190 and (—)-191 crystals. As
in the landmark case of Pasteur, their outward appearance (crystal habit) some-
times may enable the naked eye to recognize them as a set of enantiomorphous
crystals. But this visual perception of a chiral habit is not usually the norm. Space
filling in chiral arrays/crystals is described by the 65 Sohncke space groups (space
groups containing only symmetry operations of the First Kind). The Cambridge
structural database (CSD) statistics on 3 January 2014 show that 15.7% of the
database entries adopt Sohncke space groups. The CSD calls these space groups
chiral space groups since they contain no operations of the Second Kind that can
generate an enantiomer within the lattice. In other words, when the asymmetric
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unit contains only one molecule (Z’ = 1), then all the molecules within a single
chiral crystal must have identical chirality since there are no operations within
the group that can generate the enantiomer. The C,- and C,-axes preserve the
rotation/twist sense of the birds in their p4 2D space group 190, 191 unit cells.

If we compare the racemic compound’s achiral 182 array with the chiral
crystal 189 array, it is now clear why all solid-state packing-motif-dependent
physical properties must be different by symmetry argument. Despite the
presence of the same chiral bird in the two space-filling arrangements, the
bird’s neighbors are simply different. A left-handed bird in 182 is surrounded
by four adjacent right-handed birds on all sides, but a left-handed bird in 189 is
bordered by four left-handed birds. The pioneering solubility study by Berzelius
showing 10-fold differences in the weight of water required to dissolve more
soluble (+)-tartaric acid compared to less soluble paratartaric acid has already
been discussed earlier in this book. Variation in physical properties, such as
solubility noted in the previous section, shows the logic of using the noun
“compound” in the term racemic compound crystal to differentiate it from an
enantiomerically pure chiral crystal. Despite the fact that the two crystal forms
differ only in enantiomeric neighbors for one and homomeric entities for the
other, their solubility differences were so meaningfully disparate that Berzelius
“might have thought” that crystals of two different compounds were being
investigated.

Molecular structure is an obvious property that is dependent on disparate
space filling in racemic compound and chiral crystal lattices. Artistic liberty
has been taken by the author in using the “visually” identical left-handed chiral
bird graphic for both achiral 182 and chiral 189 arrays. However, this analogy
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is erroneous in the case of achiral and chiral crystalline arrays of molecules.
It is highly probable that the molecular conformation in a racemic compound
crystal is the same as that found for the molecule in the enantiomerically
pure chiral crystal. One should not be surprised by this since Nature prefers
low-energy spatial arrangements of molecular orbitals that dictate a particular
3D arrangement of bonds and atoms. However, it must be remembered that
the concept of same conformation implies only a “similarity” and not an “iden-
tity.” The crystallographer will find that the molecular conformations differ
slightly in all their bonding parameters (bond lengths, bond angles, and torsion
angles). Why? The answer is simple: identical structure requires a symmetry
transformation to convert one environment into the other. But the absence of
symmetry constraints obligates the two conformations to be nonidentical since
their surroundings are different (i.e., their intermolecular interactions and forces
have to differ to some extent). This point has already been discussed in regard
to (+)-nefopam-HCl-anhydrate and (+)-nefopam-HCl-monohydrate boat—boat
geometries.

There is a very high probability that a solvated symmetrical molecule will
become ever so slightly distorted (i.e., desymmetrized) and become asymmetric
as it enters a general position of symmetry in a crystal lattice. Why is this?
Maintaining a molecule’s solution-state symmetry is not Nature’s primary
goal in the crystallization process. Efficient space filling (minimum void space
crystal packing) and the maximum of intermolecular interactions assume a
greater importance toward the goal of attaining thermodynamically stable crystal
packing. For this to come to pass, Nature often places the formerly symmetrical
molecule at a general position of symmetry (i.e., one that is asymmetrically
chirotopic). Doesn’t asymmetric imply great distortion? Definitely not. In
many cases, the crystal state molecular asymmetry often assumes high-fidelity
pseudosymmetry whose distortions from ideality are not even visually perceived.
For example, torsion and bond angles lose their ideal 360°/n integer values and
exhibit noninteger values close to the ideal; bonding parameters (bond lengths,
bond angles, and torsion angles) no longer show their symmetry equivalence.
How do we know that the asymmetry exists if the solid-state molecule appears
to us as symmetrical? By the same way we know that a solvated molecule
is symmetrical. By observing or not observing multiple-intensity degenerate
frequency signals in the solution-state NMR multiplets whose number is less than
the 'H or '3C nuclei in the molecular formula. This slight change in solid-state
geometry from the ideal is manifested by the loss of degeneracies in the diffracted
X-rays so that different frequencies are now emitted from the formerly homo-
and enantiotopic symmetry-equivalent subunits. In other words, the loss of ideal
molecular geometry affords unique diffraction from the electron clouds around
each and every atom in an asymmetric molecule. Avnir’s algorithms [11, 12]
provide a most useful tool for measuring the degree of distortion from ideal point
group geometries.
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9.4
Occupancy of Special Positions in Periodic Arrays

The commonly observed molecular occupancy of general positions (and sub-
sequent attainment of molecular asymmetry) certainly should not imply that
there can never be partial or even full retention of a solvated molecule’s point
group symmetry upon crystallization. A match between a solvated molecule’s
point group symmetry element and that of the special position in the lattice
is a prerequisite (but not a sufficient condition) so that the two elements may
coincide in the crystal. Contrarily, a mismatch of elements is a guarantee that
the molecule will occupy a general position rather than a special one. First and
foremost, the asymmetric unit must efficiently tessellate in three dimensions and
concurrently benefit from auspicious intermolecular interactions.

Hlustration 192 depicts a p2mm 2D achiral extended array of 193 achiral
Escher birds. Notice that the achiral bird’s o-plane and the lattice’s mirror plane

192
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193 194 195

All M.C. Escher works © 2014. The M.C. Escher Company — The Netherlands. All
rights reserved. Used by permission. www.mcescher.com.

coincide so that the unit cell volume is reduced to half of that for 184. Now, the
same p2mm o,, 6,, and C, operations acting upon a half-bird asymmetric unit
195 generate two complete achiral birds within unit cell 194 (rather than the four
complete chiral birds of unit cell 184). In other words, the number of complete
bird objects in the unit cell is Z = 2 rather than Z = 4 for the four full objects in
unit cell 184. The half-bird’s asymmetric unit 195 affords Z" = 0.5 (rather than 1
for the complete 183 bird). However, Z/Z’' = 2/0.5 = 4, that is, the same number
of four asymmetric units in the 194 unit cell as that in unit cell 184 where Z/Z’ =
4/1 = 4.

If the space group is known and the approximate volume of a molecule can
be estimated, then determination of an appropriately reduced number of full
molecules within the unit cell testifies to occupancy of a special position in the
lattice (even before the molecular structure is known to the crystallographer).
An example of this situation will be presented next. Two diplatinum!' complexes
were synthesized by Glaser and Meek [127] as a mixture of two diastereomers
(Cy-symmetry chiral (rac)-cis-187 and C;-symmetry achiral (meso)-trans-196)
and then column-chromatographically separated. Their stereochemistry initially
could not be ascertained by 3!P{{H} NMR spectroscopy owning to the extremely
complex AA’XX' four-spin system, where {*H}=broadband 'H decoupling.
One of the fractions crystallized in the monoclinic P2,/c space group with
Z =2,7' =0.5 (rather than the general positioned case of Z =4, Z' =1). In
less than one half hour, it was found that Z’ = 0.5 since the unit cell’s volume

137



138

9 Symmetry of Molecular Crystals

was half that expected for the space group’s symmetry operations when Z’ =1
complete molecule asymmetric unit. This fractional Z’ value clearly showed that
the molecule occupied a special position of symmetry in the unit cell. The call
was simple since the sample had to be the trans-196 diastereomer. Why? The
only special position in that space group was inversion symmetry (compatible
with both point and space group symmetry). Note: the 2;-screw axis cannot be a
special position occupied by a molecule’s point group symmetry element, since
screw-rotation symmetry is only compatible with space group symmetry. The
power of this reasoning is that configurational assignment was made only a half
hour after the sample was mounted on the diffractometer. Of course, for good
science, this had to be later confirmed after data collection, and it was [127].
Diastereomer 196’s residence at a special position of inversion symmetry is in
accord with the remarkable CSD survey results by Pidcock et al. [128] reporting
that 99% of the solvated C;-symmetry molecules preserve that symmetry upon
crystallization. Inversion arrangements between two enantiomers are very
sterically favorable (rather than intermolecular mirror symmetry). Why? In an
inversion relationship, the small substituent is opposite to the largest substituent
of its symmetry-equivalent neighbor, that is, a (small-large) steric interaction.
On the other hand, an intermolecular mirror relationship requires less favorable
(small-small) and (large—large) dispositions. Other solution-state symmetries
show a propensity to remain upon crystallization. For example, Brock and Dunitz
[129] note that there is a strong preference for solvated molecules with C;-axes
to keep this symmetry by residing on special positions of threefold rotational
symmetry when crystallized.

In addition to being able to make a rapid structural assignment, it was
apparent from simple geometrical considerations that the presence of an
inversion center in trans-diastereomer 196 obligated the four-membered
[-Pt—P(phosphido)-Pt'~P’ (phosphido)—] core 197 to be ideally planar. The crys-
tal structure of 196 is found in Refcode CIBDAS10 [127]. A four-membered cycle
of alternating A and B units will be coplanar only under certain geometrical con-
ditions. The passage of a molecular reflection plane through all four units of the
cycle was out of question, due to the chirotopic stereogenic phosphido-P atoms.
Similarly, a C,-axis through pairs of oppositely disposed A- or B-pairs could be
ruled out for the same reason. The only other possibility is a center of inversion
coincidental with the cycle’s centroid, and this was certainly possible. The
crystalline bimetallic complex was indeed found to be meso as initially predicted.

The cis-isomer occupied a general position of symmetry, which imposed
no symmetry constraints at all upon the four-atom core geometry (indeed, it
was shown to be bent by about 19°); see 188. A consideration of the orbital-
overlap consequences of cis/trans core geometries led to a reinspection of the
already measured second-order J-couplings involving [130] Pt. A more careful
comparison of the ’Pt{'H} NMR spectral parameters for both diastereomers
showed two Karplus-like orbital geometry dependent /-coupling relationships.
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Greater orbital overlap in the frans-diastereomer’s planar-core 197 versus
reduced overlap within bent-core 188 manifested itself in a 2.5x higher 639 Hz
2J(M1M2) and 6.6x higher 33 Hz 3J(A2M1) values for planar-core 197 versus
lower 259 and 5 Hz respective values for bent-core 188 [127].

9.5
The Bragg Law and X-Ray Diffraction

X-rays were discovered by the German physicist Wilhelm Conrad Réntgen in
1895. He was awarded the first Nobel Prize in Physics in 1901. At that time, they
were assigned an “X” descriptor since the exact nature of the rays was unknown.
The diffraction of X-rays by crystals was discovered in 1912 by Max von Laue,
who described this phenomenon as diffraction from a three-dimensional grating.
Gratings are ordered structures that are periodic (crystal lattice). Like Rontgen,
who preceded him, von Laue was awarded the Nobel Prize in Physics in 1914.
In 1913, William Lawrence Bragg (at the age of 23) noted a similarity between
reflection and diffraction. He and his father, William Henry Bragg, were awarded
the Nobel Prize in Physics in 1915.

In the single-crystal X-ray diffraction technique, a crystal (about one third the
size of a sugar crystal) is chosen. Using a microscope and polarized light, periodic
extinction upon crystal rotation is expected for noncubic single crystals (i.e.,
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those that are not twinned or suffer from appended crystals). The crystal is affixed
to a glass fiber with epoxy (two amorphous materials, i.e., nondiffracting) and
then mounted in a goniometer (gonia Greek for “angle,” a small metal holder with
adjustable arcs to attain a particular orientation of the crystal facets relative to the
incident X-ray beam). The crystal is then gradually rotated under bombardment
by X-rays. An X-ray diffractogram (an interferogram) results from waves that
are diffracted at discrete angles from electron density distributed periodically in
the crystal lattice according to the Bragg condition. The Bragg law for diffraction
states 2d sin @ = n/, where d =interplanar spacing, § =incident and emerging
angle of rays with planes in the lattice, # = an integer, and A = wavelength.

9.6
The Interferogram Phenomenon in Single-Crystal X-Ray Crystallography

X-rays are diffracted by the reflection planes of electron density (around atoms or
covalently shared and nonbonded electrons) within the unit cell of a crystal and
generate a sphere of reflection. Shorter X-ray wavelengths (e.g., 0.7105 A, Mo K,)
enlarge the size of the reflection sphere, while longer wavelengths (e.g., 1.542 A,
Cu K,) shrink the sphere. As the sphere grows, so will the number of reflections
that will be observed by a detector.

If the crystal is both ordered and periodic, then the diffraction pattern con-
sists of regularly spaced spots, see 198. A detector measures intensities as a func-
tion of spatial location within the interferogram pattern. This data is in the form
of intensity-squared reflections (/2), and thus, the detector cannot differentiate
between negative and positive intensities. One layer of an X-ray diffraction pat-
tern is depicted in photograph 198 measured on film with a Buerger precession
camera (not the latest technology). Note the periodicity of the spacings between
dots. These spacings afford reciprocal space data that provide the cell constants:
that is, the unit cell dimensions (a, b, ¢) and the angles (a between b and ¢ axes,
p between a and c axes, y between 4 and b axes). What do we mean by recipro-
cal space? The larger are the uniform spacings between spots, the smaller is the
real-space cell dimension. Thus, the vertical distances in 198 actually arise from
a shorter cell axis, while horizontal distances are produced by a longer cell axis
positioned 90° from the first axis.

Note the different /? intensities of the spots. A Fourier transformation of the
interferogram’s reflection intensities plus addition of their phase relationships
will provide a three-dimensional model of electron density within the unit
cell. The atomic resolution (in A) in the model increases with diffractograms
containing more significant reflections (i.e., those with I . > 20(l,,,), where
o =average noise) measured at increasing angles from the pattern center. As
with all interferograms in general, the intensity and phase of every reflection
point contain information from all the electron densities periodically distributed
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within the cell. The black hole in the center of the photo arises from nondiffracted
rays passing straight through the crystal into a small lead cup behind the
crystal and opposite the incident beam. Note the presence of lines of white
noise near the center. Each reflection has noise intensity associated with it,
which must be corrected prior to Fourier transformation of the data set. The
crystal must be of a large-enough size and high quality so that very low inten-
sity measurements will remain statistically meaningful after noise correction.
As noted earlier for triarylamines, for good signal-to-noise measurements,
crystallographers prefer prisms over platelets and platelets over needles. But
too large a crystal runs the risk of lattice imperfections (e.g., layer slippage).
Some interferogram film spots will show low intensities approaching zero,
while others should exhibit integer-zero intensities due to specific space group
symmetry (i.e., systematic absences, every n-th spot absent along a particular
axis).

198

Great improvements have been made in terms of quantification accuracy
and precision of these squared-intensity data measurements throughout the
years. Initially, X-ray sensitive photographic film was used. Historically, the
intensity quantification at various positions on the film was visually estimated
via crude optical density comparisons with a “standard film set” produced by
ever increasing X-ray irradiation times. This very time-consuming and subjective
method was later replaced by more objective optical density scanners. It was then
replaced by four-circle diffractometers with Geiger—Miiller counters that were
moved from position to position around the mounted crystal. These positions
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were precalculated from the space group symmetry and the cell constants.
Modern diffractometers now use high dynamic-range multipixel detector
plates. These charge-coupled device (CCD) detectors afford high-resolution
position-sensitive data.

Unfortunately, the 2 data set lacks the phase information required to accurately
characterize the sine-wave components of the interferogram. This is the origin of
the so-called phase problem in X-ray crystallography. Determination of the phases
for noncentrosymmetric crystals was once a very time-consuming task. How-
ever, direct methods were then developed for an initial estimation of phases for
small molecules. Some of these stochastic (statistical) methods were based upon
a first approximation assumption that the positions of atoms in the asymmetric
unit are not totally random but rather have constraints due to bonding distances
and van der Waals radii. The high importance and utility of the Karle— Hauptman
tangent formula to provide these initial phases was recognized in 1985 by award-
ing the Nobel Prize in Physics to the developers, Jerome Karle and Herbert A.
Hauptmann.

Both phase and intensity data are required to locate the spatial disposition
of electron density in the unit cell. An iterative calculation process (called
refinement by full-matrix least squares) relocates atomic positions of the initial
structure solution until the calculated versus experimental unit cell electron
density distribution converges. We may think of the reflection data as a large
collection of simultaneous equations whose unknown variables include atomic
positional parameters (e.g., [x, y, z] fractional coordinates), and atom-specific
thermal displacement parameters that are either isotropic (for protons, one radius
parameter for a sphere) or anisotropic (for nonproton atoms, six parameters
defining ellipsoids of 50% probability), plus one overall scale factor parameter
per structure. It is known that unique structural model hypotheses may not
necessarily be found when the number of simultaneous equations (i.e., the
nondegenerate unique statistically significant I, > 20(l,,,) reflection data) is
only slightly greater than or equal to the number of unknown parameters. What
makes the single-crystal X-ray diffraction structural model chemically accurate
(i.e., refinement converging to a unique solution) is that the technique is over-
parameterized (i.e., unique significant reflection data is usually about 10 times
the number of variables). In this event, the six anisotropic thermal displacement
parameters can be readily calculated for the nonproton atoms. However, if this
is not the case, then the number of variables must be decreased by consider-
ing only isotropic thermal displacement parameters for the nonproton atoms
(one for each atom, rather than the six for each atom, for anisotropic thermal
parameters) and neglecting the calculation of the inaccurate proton positions.
Another method to increase the unique significant I, > 20(/,,,) reflection
data is to reduce the thermal displacement by measuring a low-temperature
data set. For ambient-temperature acquired data sets, refinement convergence
usually occurs when the calculated model can account for more than 95% of



9.7 X-Ray Fiber Diffraction

the electron density in the final map. In other words, less than 5% of the unit
cell total electron density (the final residual discrepancy index or R-factor)
remains unaccounted for by the model. Under these conditions, the residual
positive and negative electron densities in the final map are typically <+1 and —1
electrons A3,

Correct convergence to a chemically sensible structure during refinement
requires consideration of the low electron densities for protons, as well as
those readily measured for the higher electron densities of nonproton atoms.
In principle, proton electron densities can be forthcoming from a difference
map, where the calculated electron densities of the nonproton atoms are sub-
tracted from the experimental electron density map for all atoms (nonproton
atoms and protons). However, not only does the proton’s single electron cir-
cle around the nuclear sphere, but it is also involved in covalent bonding. A
common result is nonoptimum S/N in experimentally determined low elec-
tron density measurements of protons. Instead, protons are usually placed at
geometrically calculated positions (based upon nonhydrogen X-X-X bond
angles) and refined using the riding method. In this technique, constraints are
applied to X-H bond lengths and H-X-H/H-X-Y bond angles, by setting
them at certain fixed values. If the X-atom carrying the hydrogen moves under
isotropic refinement, then the hydrogen atoms move with it keeping their
bond lengths and angles constant. If we desire accurate positional measure-
ment of protons, then neutrons will provide diffraction from the relatively
more solid nuclei rather than from the “softer” more ephemeral electron
clouds.

9.7
X-Ray Fiber Diffraction

One of the main differences between the A- and B-forms of DNA is that the bases
are tilted on the axis in the former and perpendicular to it in the latter. Bundles of
long fibers such as B-DNA can be held under tension in high humidity to afford
partial ordering along their axes. This is sufficient for X-ray diftraction even if
it involves order in only one dimension. However, in the direction perpendicu-
lar to the axis, there is disorder between the fibers composing the “bundle.” This
disorder is the reason why one only observes elongated streaks in diffractogram
199 rather a discrete spot pattern in 198. This is a historic diffractogram taken by
Rosalind Elsie Franklin’s Ph.D. research student Raymond Gosling in May 1952
at King’s College London in the Medical Research Council’s (MRC) Biophysics
Unit. The DNA fiber X-ray diffraction photographs taken by Franklin have been
described by John Desmond Bernal (a pioneer in X-ray crystallography for molec-
ular biology) as “amongst the most beautiful X-ray photographs of any substance
ever taken.”
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The “cross” in the photo is characteristic of helical diffraction patterns described
by Bessel-type mathematical functions. Layer lines are seen, since the helix is
periodic along the axial direction. Two high-intensity curved streaks are located
at the top and bottom termini of the vertical axis through the center and exhibit
a large spacing. Remember, we are dealing with reciprocal space, so this large
distance derives from the 3.4 A base-pair stacking distance. The smaller distance
between the lower intensity off-axis streaks, forming the cross, is the 34 A axial
distance of the helix required for one full turn (i.e., the repeat unit). The pitch of
the helix can be calculated from these two data.

Reciprocal space:
1/3.4 A

Reciprocal space:
1/34 A

199

Franklin’s 1952 photographs 51 (199) and 52 played a crucial role in the
creation of DNA’s double-helical theoretical model by biologist James D. Watson
and physicist Francis Crick at the Cavendish Laboratory in Cambridge University.
To understand what transpired, one has to recall that the situation of women
scientists in prestigious universities of post-War Britain was not as it is today. In
addition to having the disadvantage of being a woman in a man’s world, Rosalind
Franklin had a second stigma — she was also born into a very influential British
Jewish family. Her father’s uncle was Herbert Samuel (later the first Viscount
Samuel) who was Home Secretary in 1916, the first practicing Jew to serve in
the British cabinet and later the first High Commissioner of Palestine in 1920.
Her paternal aunt was married to Norman de Mattos Bentwich who served
as Senior Judicial Officer in the British Military Government of Palestine and
later as Attorney-General of the civilian Palestine Mandatory Government until
1931.

In 1952, along with Gosling, her doctoral student, they applied a Patterson
Function to their X-ray data to solve the “phase problem.” In January 1953,
Franklin had finished her research at King’s College and was moving to a new
position at the University of London’s Birkbeck College. Unaware of Watson
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and Crick’s model-building endeavors, her experimental findings had already
concluded that both the A- and B-forms of DNA had a double-helical structure
and that the phosphate groups were on the structure’s periphery. At that time
Franklin was leaving her King’s College laboratory to take up her new posi-
tion at Birkbeck, Raymond Gosling (Rosalind Franklin’s Ph.D. student) gave
Maurice Wilkins (a Research Associate colleague also studying DNA structure
at King’s) a copy of photograph 199. The reasons for Gosling doing so are
unclear. Unfortunately, while at King’s College, an intense personal animosity
had already developed between Franklin and Wilkins, which was to exert its
effect on future events. On 30 January 1953, Watson traveled down to King’s
and, after an altercation with Franklin, was shown photograph 199 by Wilkins
without Franklin’s permission or knowledge. During mid-February 1953, Max
Perutz (Crick’s research director) gave Crick a copy of a research report by
Franklin containing many of her crystallographic calculations. It was this report
that convinced Watson and Crick that the phosphate groups had to be on the
outside backbone. Franklin had been asked to write the report in preparation
for an impending MRC Biophysics Committee visit to King’s in December of
1952 by Perutz and other committee members. On 7 March 1953 (1 day after
Franklin’s two Form-A submitted manuscripts reached Acta Crystallographica’s
offices in Copenhagen), Watson and Crick finished their theoretical model of
DNA. In 1962, 4 years after Rosalind Franklin had died of cancer, Watson, Crick,
and Wilkins received the Nobel Prize in Medicine for the double-helical structure
of DNA. For the sake of fairness and justice, it is indeed very regrettable that
the Nobel Committee could not posthumously award the prize to Franklin.
The lesson to be learned from this account is that science is performed by
living human beings often inspired by great clarity of thought, ingenuity, and
brilliance of insight, but these attributes of the spirit can also be tempered by
flaws of character and competition. As a curiosity, Maurice Wilkins was the Ph.D.
research director of Robert Langridge, the author’s crystallographic postdoctoral
mentor at Princeton.

9.8
Penrose Tiling Matching Rules, Quasicrystal Packing, and Dodecahedrane

It was earlier noted that C,-rotational symmetry in a crystal lattice is constrained
to be C,, C;, C,, and C,. These C,-rotational symmetry limitations impose
geometrical constraints upon the ability of C;-symmetry objects/molecules
to undergo efficient tessellation (the space filling of an infinite 3D-mosaic of
congruent objects without gaps or overlaps within the lattice). Analogy may be
drawn from 2D-space patterns of floor tiles. It is common to observe floor-tile
repeat patterns constructed from triangles, as well as from squares/rectangles or
hexagons. But, what about regular pentagons? They are considered by some to be
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esthetically pleasing since the cord distance divided by a side is the golden ratio;
see the dashed line in upper part of 200. The problem is that regular pentagons
cannot tile a floor without leaving some of the underlying subsurface exposed
to view (see black color-coded subsurface in tiling pattern 200). In other words,
five-membered rings just do not tessellate well. However, aperiodic fully tessellated
ordered arrays with local regions of fivefold symmetry can readily be constructed
from 72° and 36° oblique angle rhomboid (2D) or rhombohedron (3D) building
blocks if placed side by side according to tile matching rule arrows, see 201.

The esthetically pleasing 2D arrays such as 201 are named after the English
mathematician Roger Penrose, who shared the 1988 Wolf Prize with Stephen
Hawking. It must be remembered that order in crystal packing is a prerequi-
site for all diffraction phenomena. We now understand that order is indeed
present in a plethora of Penrose-type aperiodic 2D arrays of the aforementioned
72°/36° oblique angle rhomboids by means of the tile matching rule arrows.
In these rules, single arrows must align with single arrows and double arrows
with double arrows. With this constraint, 72°/36° oblique angle rhomboid
building blocks can then be utilized to construct an ordered 2D arrangement
that could be a representative model of that in aperiodic quasicrystal packing.
Therefore, since the number 5 is a factor in aforementioned angular relationships
(360°/5 = 72° and 360°/(2 X 5) = 36°), it is obvious that these angles play a
structural role in achieving local fivefold symmetry.

200

Prior to the discovery of fivefold symmetry in crystalline materials (now known
as quasicrystals) by Daniel Shechtman at the Technion-Israel Institute of Tech-
nology (2011 Nobel Laureate in Chemistry), conventional wisdom was that all
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crystals must be both periodic and ordered. A corollary to this was that the “laws
of symmetry” mathematically stated that periodic arrays and fivefold symmetry
were incompatible. Science has indeed come a long way since Gardner [131], the
noted writer of recreational mathematics, wrote “... you will never find a pen-
tagonal crystal.” While “never” is usually just a very long time, the aforemen-
tioned statement was written in 1979, only 3 years prior to Shechtman’s paradigm
breaking discovery. It is reassuring to know that the laws of symmetry still reign
supreme, since quasicrystals are aperiodic — so all is well. Quasicrystals are usually
formed of metal alloys. Ho—Mg—Zn is the first rare earth containing quasicrystal
structure and exhibits icosahedral morphology with fivefold symmetrical shinny
metallic faces; see 202 [132].

202

We have already discussed the spacings in diffractogram 198 of a periodic
ordered crystal. Now, one can compare them to a different type of spacing in
the electron diffraction pattern 203 of the Ho—Mg—Zn quasicrystal 202. The
spacing has been color-coded black on one of the fivefold axes. Instead of being
multiples of 1, the spacings are multiples of the irrational number tau (z, also
called ¢), that is, the golden ratio.

The observation of fivefold symmetry in crystalline materials by Shechtman was
initially greeted with great skepticism and, even with derision, by some in the crys-
tallographic community (especially the renowned crystallographer Linus Paul-
ing) due to the dogma that said it was mathematically impossible. At one point,
Pauling noted that “there is no such thing as bad science, only bad scientists.”
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203

But, Shechtman was proven to be indeed correct, much to the chagrin of those
who initially refused to accept his findings. As a result, the International Union
of Crystallography in 1992 altered its definition of a crystal to be an object having

the ability of producing a clear-cut diffraction pattern whose ordering can be either
periodic or aperiodic.
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Multiple Molecules in the Asymmetric Unit, “Faking It”;
Pseudosymmetry Emulation of Achiral Higher Order Space
Filling in Kryptoracemate Chiral Crystals

10.1
Multiple Molecules within an Asymmetric Unit

Desiraju [133] has noted that during the period of 1970—-2006, the percentage of
organic compounds in the Cambridge Structural Database (CSD) with more than
one molecule in the asymmetric unit remained virtually constant at approximately
11%. Two molecules in the asymmetric unit (Z’ =2) occur when it is difficult,
by symmetry alone, to simultaneously satisfy both the criteria of close packing
and the requirements of optimal intermolecular interactions [134]. This situation
enables the intriguing possibility of two molecules of either invariant or oppo-
site handedness comprising the asymmetric units of chiral crystal structures. In
most of those cases, asymmetric units consist of two molecules with the same
handedness.

Gavezzotti [135] has investigated a large population of crystals with two
molecules in the asymmetric unit (Z' =2) and noted that with an asymmetry
tolerance of 0.5A atom™, 83% of the nonsymmetry related intermolecular
arrangements in the asymmetric unit revealed some kind of noncrystallographic
symmetry beyond that of the true symmetry imposed by the space group.
The presence of crystallographic pseudosymmetry emphasizes that the “...
preconception that symmetry must rule exact and uninterrupted throughout
proper crystals for best packing and for thermodynamic stability” sometimes is
only achieved via multiple content (Z’' > 1) [135].

In other words, why does Nature choose a packing arrangement with multiple
molecules in the asymmetric unit (Z’' > 1), when almost all of the time, a space
group with only one molecule in the asymmetric unit (Z'=1) nicely suffices
for adequate spatial packing? Answer, there are times when Z’'>1 provides
more intermolecular interactions and reduced void space. As an example, (+)-
nefopam-methotetrafluoroborate quaternary ammonium salt (Refcode: SUGJIP)

Symmetry, Spectroscopy, and Crystallography: The Structural Nexus, First Edition. Robert Glaser.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
Companion Website: www.wiley.com/go/Glaser/Symmetry
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[124] (R. Glaser, R.A. Toscano, and 1. Ergaz, unpublished data) crystallized in the
Cc monoclinic space group (Z=12, Z' =3, Z/Z' =4). The three (R)-symmetry
cations of the asymmetric unit are aligned so that all their six aromatic moieties
are oriented inward toward the center of a cluster of cations; see 204. As a result,
there are six intermolecular edge-to-face interactions (5.2(3) A centroid - centroid
mean distances, gray dashed lines) and one face-to-face n—m stacking interaction
(4.1(1) A centroid—centroid distance, black bold dashed line). Aromatic residues
are said to have edge-to-face interactions if their inter-centroid distance is <7 A
(with 5 A being most favored), and the optimum dihedral angle is about 90° [136].
The attractive force for a single Ar— Ar interaction is calculated to be weak (about
—4 to —8 k] mol~1) [136], but there are a lot of them in the crystal.

204

The more polar oxygens and nitrogens are disposed outward from the 204
asymmetric unit cluster, and the three charge-neutralizing tetrafluoroborate non-
coordinating anions are located on the periphery of the cationic cluster forming
a C;-pseudosymmetric triangular array with “almost equilateral” 10.6(3) A sides.
This is in accord with Brock and Dunitz’s observation that Nature has a propensity
for C;-symmetry packing [129]. There are no aromatic—aromatic interactions
between the clusters. Glide reflection produces asymmetric unit clusters of three
opposite (S)-handed molecules. The three (R)-symmetry homochiral molecules
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within the asymmetric unit are structurally very similar, but they are indeed
different. Welcome to the world of pseudosymmetry. They are diastereomers of
the same handedness and all are bent into a boat—chair conformation of the
eight-membered ring. Pseudosymmetry is enabling these molecules to emulate
homomeric isomers. Why does it do this? Well, the boat—chair conformation
of nefopam derivatives is found very frequently since the eight-membered ring
can be inscribed upon the unstrained diamond lattice (and nonprotonated
oxygen and planar C(ispo),.,,, ring-atoms exhibit a minimum of transannular
interactions); see nefopam-HCI 50’s iconic representation. Since we are dealing
with diastereomers, it is not surprising to measure slightly different bonding
parameters, for example, N-C-C-O torsion angles of —49.8°, —48.6°, and
—51.1°.

To measure just how structurally different the pseudohomomeric diastereomers
are, we can superimpose all the eight-membered ring nonproton atoms, the two
N-methyl carbons (in order to observe conformational differences), and also the
phenyl carbons (to ascertain twist differences). It does not make sense to add the
four benzo carbons to the superimposition, since we know that they are part of
a rigid appendage, and their inclusion will only artificially improve the confor-
mational RMS average fit (not a good idea statistically). Why not? We want to
only superimpose those parts of the molecule that have possibilities of confor-
mational and/or twist ambiguity. The RMS values of superimposition positional
differences are quite low 0.073 A (mol 1 on mol 2) and 0.038 A (mol 1 on mol 3)
values. Since both values are less than 0.1 A, one can definitely state that the con-
formations and the phenyl twists of all the molecules in the asymmetric unit are
the same. These RMS values provide an answer to the philosophical question:
“How different can two symmetry- nonequivalent molecules be, and yet still have
the same structure?” Once more we see that “same” is not a synonym for “iden-
tical.” We have already discussed, the low 0.081 A RMS for superimposition of
(£)-nefopam-HCl-anhydrate (50) and monohydrate crystal structures. As a rule
of thumb, one should expect symmetry-nonequivalent isostructural molecules
(e.g., those in 204) to show quite small <0.1 A RMS superimposition values, since
Nature prefers low-energy conformations, which arise from chemical constraints
(i.e., stable conformations) and not from symmetry.

10.2
“Faking It”: Pseudosymmetry Emulation of Achiral Higher-Order Space Filling
in Kryptoracemate Chiral Crystals

Pseudosymmetry relationships between diastereomers at general positions of
symmetry show a continuum of distortion from ideal symmetry. Glaser and
coworkers [137] have reported algorithms to quantify the fidelity of intermolecu-
lar pseudosymmetry. Superior imitations imply higher pseudosymmetry fidelity
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and concomitantly less distortion from ideal symmetry. Since intermolecular
pseudosymmetry is Nature’s most common crystallographic expression of this
phenomenon, it should not be confused with structural differences between
two apparently randomly disposed (Nature never does anything randomly)
similar-structure isolated diastereomers that are separately excised out of the
asymmetric unit and then superimposed.

A search of the CSD clearly shows that Nature will “fake” (or emulate) a
symmetry relationship when she desires to be free of constraints of symmetry
equivalence and special position in crystals and yet enjoy their important spatial
benefits at the same time (a sort of “having your cake and eating it too”). She
uses pseudosymmetry to perform this deception. Before we continue, it should
be remembered that a sample of chiral molecules of the same handedness may
crystallize ONLY in Sohncke space group crystals if there is one molecule in
the asymmetric unit. Why? We know that these space groups lack symmetry
operations of the Second Kind that are required to generate the enantiomer in a
lattice.

But, what if there are two molecules of opposite handedness in the asymmetric
unit of a Sohncke space group crystal? Think about it. These two oppositely
handed molecules certainly cannot be enantiomers, since the space group lacks
all symmetry operations of the Second Kind needed for the production of an
enantiomer. Therefore, they must be diastereomers of different handedness
since their connectivity is the same, and they are anisometric (corresponding
diastereotopic atoms afford diffracted rays with nondegenerate frequencies since
7! =2). Now, let us consider the following situation in the chiral crystal lattice:
(i) the structural differences between the two diastereomers are so small that one
visually perceives them to be enantiomers and (ii) they appear to be related by
symmetry elements of the Second Kind. Once again, we return to the world of
pseudosymmetry in what are known as kryptoracemate [138] (hidden racemate)
chiral crystals. These crystals are produced by crystallization of a racemic
mixture that yields a conglomerate of chiral crystals containing two molecules
of opposite handedness in the asymmetric unit. In other words, the (+)-X and
(—)-pseudo-X diastereomers reside within one chiral crystal, whereas (—)-X and
(+)-pseudo-X occupy the other enantiomorphous crystal [138]. Kryptoracemate
crystals have also been referred to as false conglomerates by Bishop and Scudder
[139]. When kryptoracemate crystals are dissolved, the oppositely handed
diastereomers are liberated from the lattice and revert once more into solvated
enantiomers.

Féabian and Brock [138] undertook a very useful and extensive categorization
of kryptoracemates and reported that only 0.1% of the entries in the CSD are
kryptoracemates. Of this very small amount, about 60% of them exhibited
pseudosymmetric relationships between the diastereomers [138]. The spatial
arrangement of oppositely handed diastereomers in lower-order space group
kryptoracemate unit cells often emulates space filling in higher order achiral
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crystals [137, 138]. This is really quite reasonable. Why? Kryptoracemate space
groups usually contain a nontrivial genuine symmetry operation (i.e., one that
is neither identity nor pure translation). Approximate group theory can still
be at work via successive application of a genuine operation followed by a
pseudosymmetry nonmathematical operation (an oxymoron) to afford a third
pseudosymmetry relationship. Consider a P2, kryptoracemate (Z =4, Z' =2) with
obviously observable pseudoinversion symmetry as in cis-3,4-butano bridged
N-desmethylnefopam-HCl P2, kryptoracemate (Refcode UTUNIH [137], 205).
A 2, screw rotation followed by a pseudoinversion engenders a pseudoglide
reflection. All one has to do is to look for it in the unit cell packing. Moreover,
of the approximately 200 or so examples in Fébidn and Brock’s [138] compila-
tion of kryptoracemates, the largest number belonged to the P2; monoclinic
chiral space group and exhibited pseudoinversion and pseudoglide relationships
(see below). As a result, their unit cell space filling (with its two Second Kind
pseudosymmetry operations) imitates packing in achiral P2,/c (Z=4, Z'=1)
whose three nontrivial operations are all genuine [137]. Should we be surprised?
Not really, since just based upon statistics alone, one should choose P2,/c to
be the achiral space group that a kryptoracemate with pseudosymmetry would
emulate.

205

This mimicry is certainly not surprising since P2, /c is known as Nature’s favorite
space group. Approximately 36% of all the 750000 or more organic molecules
in the CSD crystallize in P2,/c (and its P2,/a and P2,/n variant settings), that
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is, just one out of all the 230 possible space groups! The conclusion to be drawn
from this interesting statistic is that despite myriad differences in molecular
structure, shape, and chemical functionalities, the three nontrivial symmetry
operations of P2, /c (2, -screw rotation, inversion, and glide reflection) enable very
efficient crystal space filling of diverse molecules with the minimum of wasted
void space. The P2, /c space group choice for efficient lattice packing is evidently
so beneficial, that Nature will even resort to pseudosymmetry to achieve this
goal.

Before we proceed further, let us consider the geometrical consequences for
arrays of midpoints between all pairs of corresponding atoms in two molecules
related by one of the three symmetry operations of space group P2, /c. It will be
shown that these arrays are actually the symmetry elements that we are already
familiar with. The midpoints of a 2, -screw rotation generate an ideally linear array
of points, while the midpoints of inversion related molecules all coalesce to only
one point. Finally, the midpoints of glide-reflection molecules afford an ideally
planar array that is perpendicular to one of the cell axes and parallel to one of the
cell faces (e.g., by convention, it is perpendicular to the b-axis and parallel to the
ac-face for P2,/c).

The two oppositely handed molecules of kryptoracemate 205 interact via
*N-H- Cl~ hydrogen bonds to generate a cyclic RZ(S) graph set composed
of two acceptors and four donors arranged within an eight-membered ring
[137]. According to Bernstein et al. [140], an Ri(S) graph set describes a ring
hydrogen-bonding pattern (the “R” designator) with two acceptors (super-
scripted “2”) and four donors (subscripted “4”) and consists of an eight-atom
cycle (degree =8). Edge-to-face aromatic—aromatic interactions link the graph
sets throughout the crystal. These Ar—Ar interactions can form since the two
phenyl rings are allowed by pseudosymmetry to be differently skewed in the
cyclic hydrogen-bonded unit! Due to C(alkyl, sp®)-C(aryl, sp?) ligation, one
phenyl edge will be staggered between two bonds of its Csp? neighbor while
the aryl’s opposite edge eclipses the third Csp® bond. The (1S)-phenyl ring on
the right-hand side of 205 shows the commonly observed Csp?—Csp® arrange-
ment where the smallest Csp? substituent, that is, benzylic-H(1) in the C-H
bond, is eclipsed. On the other hand, the (1R)-phenyl ring on the left-hand
side of the drawing eclipses a benzo-ring C(ipso) atom (less common, but
often observed). We have now observed one of the important advantages of
pseudosymmetry between the kryptoracemate pair of molecules, that is, chains
of Ar—Ar interactions are engendered since the phenyl rings in the oppositely
handed partners are not obligated by a symmetry constraint to be enantiotopically
twisted (see 206). Some of the aromatic moieties in these interactions are
phenyl and others are benzo rings. The three edge-to-face interactions show
auspicious 4.82(8) A centroid—centroid distances. So, pseudosymmetry enables
Nature to construct more intermolecular interactions by removing a symmetry
constraint.
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Note: When quantifying the fidelity of intermolecular pseudosymmetry via the
algorithms noted earlier [137], obviously different orientations/locations of atoms
or groups within the two molecules under study (e.g., the differently twisted
phenyls in 205) must be removed from the data set used in the calculation. For
example, rmS(i) [137] can be defined to be a pseudoinversion continuous fidelity
(or distortion) measure from an ideal intermolecular i-symmetry relationship.
Using Cartesian coordinates of the 205 structure (without the phenyls) as the
input file, the closest ideal inversion-symmetry geometrical construct is calculated
using the Avnir inv.exe [141] program. The RMS difference in the superimposition
of the ideal i-symmetry construct upon the actual pair of molecules is rmS(i).
Its 0.088(1) A low value testifies to small deviations from the ideal, which may
or may not be visibly perceivable (i.e., good-fidelity pseudoinversion symmetry).
It is only visually perceivable if one looks with a magnifying glass and notices
the cluster of midpoints for 205. The location of genuine symmetry elements
at the interface (common border) of two adjacent asymmetric units has already
been discussed earlier. However, this symmetry restriction is lifted in the case of
intermolecular and intramolecular crystallographic pseudosymmetry elements,
since they reside within the asymmetric unit itself.
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Glaser and coworkers [137] have shown that the midpoints of pseudoinversion
related molecules generate a cluster of points as in the cis-3,4-butano bridged
N-desmethylnefopam-HCl P2, kryptoracemate (205). The root-mean-squared
estimated standard deviation (esd) of these points from the (x, y, 2) .., -cO0Ordinate
value is the precision of the pseudoinversion element. Similarly, the midpoints of
pseudoglide related molecules afford an approximate plane. The statistical best
plane can be calculated from these points, and the esd for all the points from the
mean plane is the precision of the pseudoglide element (i.e., just how bumpy, or
flat, is the “almost planar” array?).

Genuine symmetry elements are located at special positions of symmetry in
the lattice by definition. This is another structural constraint that is lifted in
kryptoracemates. Pseudosymmetry enables 205’s general positioned inversion
pseudosymmetry element to be located at a “near-to” statistical best-point
(e.g. (0.779(3), 0.501(2), 0.249(4))) rather than “on” a predicted special position
(e.g. (3/4, 1/2, 1/4)). The result is that the auspicious structural arrangement of
molecules in the UTUNIH kryptoracemate lattice emulates the spatial arrange-
ment found in genuine symmetry-based space filling. The rmS(dislocation)
distance of the statistical “best point” from that of the predicted special position
for a higher space group is the accuracy of the pseudosymmetry element. In
the case of the kryptoracemate under discussion, the rather high 0.30(6) A
rmS(inversion dislocation) distance points to low accuracy. Therefore, since
the intermolecular rmS(inversion) pseudosymmetry parameter just involves
the diastereomeric molecules’ spatial relationship (i.e., the cluster’s precision
or spread of midpoints), one must also consider the rmS(inversion dislocation)
accuracy parameter when considering the chiral unit cells’ achiral space filling
fidelity as a whole.

The genuine 2, -screw rotation between cis-3,4-butano bridged N-desmethyl-
nefopam-HCI kryptoracemate molecules is depicted in unit cell 207. The benzo
ring and benzhydrylic CH unit have been colored-coded gray. As is commensurate
with a 180° rotation and a translation by 1/2 the b-axis length, the phenyl rings in
both molecules must point in the same direction (due to translation), while the
benzhydrylic protons reside on opposite sides of the page (due to rotation). The
2, -axis is parallel to the axis-b and passes through points (1/2, 0, 1/2) and (1/2, 1,
1/2) on the appropriate ac-faces.

The two molecules comprising the (0.779(3), 0.501(2), 0.249(4)) pseudoinversion
pair in the cis-3,4-butano bridged N-desmethylnefopam-HCl kryptoracemate
unit cell are illustrated in 208. Such a relationship requires the benzhydrylic
protons to appear about 180° disposed from each other (as in the 2,-pair of
molecules), but now the phenyl groups point in opposite directions. Similarly, cell
209 shows the kryptoracemate’s two n-glide reflection pseudosymmetry related
molecules. Both benzhydrylic protons now point toward the viewer (due to lateral
translation toward the viewer), while the phenyls face in opposite directions (due
to reflection across a plane approximately perpendicular to the page).
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A clearer pseudoglide array of midpoints of 8-methoxy-1-oxacyclotetradeca-
2,13-dione P2, kryptoracemate (Refcode NIWHUX) [142] is depicted in the edge-
on view with translation of the more remote left molecule toward the viewer,
210. The esd from the “best plane” for the set of 18 midpoints is only 0.04 A and
shows high precision. The 0.04(2) A rmS(glide dislocation) accuracy from the ideal
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y=1/4 plane is quite good also. The low 0.09(9) A rmS(c)y;q. value testifies to a
relatively high fidelity pseudomirror relationship. Similarly, NIWHUX rmS(i) is
only 0.05(3) A, see 211.
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When one considers genuine glide-reflection 1/2-cell translation vectors
within the parallel to ac-faces of the P2,/c space group (known as the standard

setting for that space group) and similar vectors for the nonstandard P2,/a
and P2,/n settings, we are reminded that c-glide vectors are parallel to the



10.2  Pseudosymmetry Emulation

c-axis; those for a-glides are parallel to the a-axis; and n-glide translations are
parallel to the short diagonal between the a- and c-axes. The 1/2-cell transla-
tion distance is a symmetry constraint that is removed in pseudoglides. In the
case of NIWHUX, the mean x-translation =0.492(6) fractional x-units, while
there is an additional z-translation=—0.028(4) fractional z-unit component.
The finding of x- and z-double components for the mean-pseudotranslation
vector in NIWHUX is the norm in pseudosymmetry and signifies that the
translation vector is not ideally parallel to a cell axis! In measuring about
40 examples of P2, kryptoracemates, the mean-translation vector was never
ideally parallel to any cell axis as it is in genuine glide-translations (A. Stein-
berg and R. Glaser, unpublished data) [143]. Nor should it be expected to be
so. What does this mean? The requirement that the mean-pseudotranslation
vector be parallel to a cell axis is another symmetry constraint that is lifted in
translation pseudosymmetry relationships (i.e., pseudoglide or pseudoscrew-
rotation).

To conclude this discussion of P2, kryptoracemate crystal structures emulating
higher order achiral P2, /c space filling, one should ask the question “why perform
all these rmS(X) calculations of X-pseudosymmetry at all”? Answer: Some kryp-
toracemate emulation fidelities are better than others. These calculations provide
structural insight as to just how well Nature has managed to “fake” symmetry
to gain auspicious packing. Finally, the high-fidelity rmS(i) and rmS(c) values
reported earlier should really not be that surprising. Why? As said before, the
visual appearance of a pair of pseudoenantiomeric molecules in the asymmetric
unit is based on the same principles governing stable low-energy intermolecular
arrangements between stable conformations. These arrangements are based
upon either pseudosymmetry in kryptoracemates or genuine symmetry in achiral
crystals.

Recently, Sunatsuki et al. [144] described the crystal structure of an iron(Il)
complex ina P2,2,2, (Z=8, Z' =2) kryptoracemate emulating higher order Pbca
achiral space filling. They also presented the first report of chiroptical measure-
ments (solid-state KBr pellet circular dichroism, 212) performed on selected kryp-
toracemate enantiomorphous single crystals [144]. If A and A’ are two oppositely
handed diastereomers, then one chiral crystal contains (+)-A and (—)-A’ while
(—)-A and (+)-A’ reside in the other crystal.

Finally, can pseudosymmetry act as a geometrical constraint to force a par-
ticular molecular geometry within the crystal lattice? The obvious answer
is “yes.” Diphenhydramine-HCl is a very well-known antihistaminic drug. It is
structurally related to the skeletal muscle relaxant orphenadrine (an o-methylated
diphenhydramine-HCl, Refcode JUVXIH) [145], and the nonnarcotic analgesic
drug nefopam (a diphenhydramine cyclic analogue). Diphenhydramine-HCl
(Refcode JEMJOA) [146] gave crystals belonging to the orthorhombic Pn2,a
space group. A conformation having a pseudomirror plane (213) enables a
crystal that is lacking mirror symmetry to emulate higher order Bb2,m space
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filling. An unusually low 37.5° O—C-C-N torsion angle is measured as the result
of pseudosymmetry constraints in packing. This angle exhibits more normal
60(6)° synclinal values in nonsymmetry constrained crystals of diphenhydramine
derivatives (e.g., Refcodes BEXHPA [147] and FIMTAW [148]).
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10.3
Desymmetrization of Platonic-Solid Geometries Resulting from Crystallographic
Symmetry Constraints

High symmetry point groups are defined as those that have more than one rotation
axis of Cg or higher. In solution, solvated cubane (106, CgHy) has no constraints
to exhibit its inherent O, high symmetry as seen by the isochronous & 4.02 'H
and & 47.74 13C chemical shifts for its eight nuclei of the same type. However,
crystalline cubane (Refcode CUBANE, R3r space group) [149] does not exhibit
O, symmetry, although C,-symmetry is permitted in periodic crystals. Instead,
cubane only resides on single special positions of inversion and Cj-rotational
symmetry (Refcode CUBANE). As a result, cubane’s O, high symmetry has
decreased to the lower S, point group within the crystal. The asymmetric unit
encompasses a H-C—C—H unit and Z'=0.17 of the CgHg formula unit. This
means that two sets of symmetry- nonequivalent nuclei now exist in the solid
state, that is, two gray on-axis nuclei and six white off-axis nuclei (214). Why is
S¢-symmetry expressed and not C,? Answer: Like the previous example, we can
attribute this to packing considerations. Remember, it has already been noted that
both inversion centers [128] and C;-axes [129] in solvated molecules tend to be
preserved upon entering the crystal lattice.

A symmetry point group’s order is the number of symmetry operation group
elements in its symmetry set. The Sq-point group is of order 6. These point group
elements are S, SézCs, ngSZEi, SgEC,D?, Sg, SgEE. This is quite a reduction in
symmetry compared to the original O,-point group order of 48. The O, point
group elements are E, i, 3(C,, C;=C,, C3, S, 53), 4(Cs, C3, S, S7), 6C5, 35, and
60, thatis, 1 +1+ (3% 5) + (4 X 4) + 6+ 3 + 6 =48. One may ask “how much dis-
tortion can the O, symmetry solvated cubane molecule (106) undergo by being
desymmetrized from down to the S point group when residing within the con-
fines of the crystal’s lattice?” The expected answer should be “not much” for such
a small rigid skeleton.

A. Steinberg and R. Glaser (unpublished data) and Steinberg [143] used the
Avnir Continuous Symmetry Measures (CSM) programs to calculate the distor-
tion from ideal fourfold, threefold, and twofold rotational symmetry and found
that S(C,) =0.004, S(C5) =0.003, and S(C,) =0.002 (where integer-zero is ideal
symmetry and a value less than 0.01 testifies to very negligible distortion). When
the molecular graphics portrayal of the crystal-state geometry is viewed, these
distortions certainly cannot be noticed. However, it should be borne in mind that
even this very slight distortion from ideality was enough for the crystallographer
to readily observe diffracted rays from the electron clouds about atoms in
two nonsymmetry equivalent C—H bonds with intensities in the ratio of 3:1.
Therefore, X-ray crystallography is one of the most sensitive experimental tools
to investigate symmetry and pseudosymmetry in ordered periodic molecular
arrays.
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Similarly, solvated dodecahedrane (107, C,,H,,) demonstrates is /, high sym-
metry by a single § 3.38 'H and § 66.93 *C chemical shift for its 20 respective
proton or carbon nuclei. The highest molecular point group is f,, group and is of
order 120. These point group elements are E, i, 6(Cs, Cg, Cg, Cg, S%O, Sfo, SZO, S?O),
10(Cs, C2, 84, 52), 15C,, and 150, that s, 1 + 1+ (6 X 8) + (10X 4) + 15+ 15 =120.
However, in the confines of the cubic Fm3 space group crystal (Refcode DOP-
SIKO01) [150] the 1, high symmetry of solvated dodecahedrane has decreased to
the lower symmetry 7, point group of order 24 [150, 151]. Remember, C;-axes
are forbidden in periodic ordered lattices. The T),-point group elements are E, i,
4(Sq, C3, C2, S?), 3(Cy, 6y,), that is, 1+ 1+ (4x4) + (3 X 2) =24. Solvated dodec-
ahedrane’s I, very high symmetry (120 operations, 60 of the First Kind, and 60
of the Second Kind) has been reduced to a crystal-state lower T}, high symmetry
(lower order: only 24 operations). This was enabled due to the presence of latent
cubic symmetry within the dodecahedrane skeleton [30]. A regular hexahedron
(gray cube in 215) within dodecahedrane is defined by eight gray carbon atoms. It
is noted that T, point group symmetry molecules are quite rare, while those with
T,-symmetry are obviously very common.

In the crystal, one C;-positioned C—H bond (i.e., only 1/3 of each atom)
and another o-plane positioned C—H bond (i.e., only 1/2 of each atom) define
the asymmetric unit comprising 4/100th of the C,,H,, molecule. The partial
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desymmetrization breaks the degeneracies in the original set of 30 bonds so that
24 of them (gray-white bond termini in 215) now form a symmetry-equivalent
set. Six white—white bond termini engender a second symmetry-equivalent set.
Therefore, disparate lengths for the C(gray)—C(white) and C(white)—C(white)
bonds are expected since they reside in different sets. The new 7,-symmetry for
crystalline 215 is the result of three mutually perpendicular pairs of coplanar
white—white bonds. The partial desymmetrization preserves the latent cubic
symmetry and enables the molecule to occupy 15 special positions of symmetry
within the lattice. Bottom line: symmetry is a structural constraint that may be
lifted in its entirety, or partially, when a molecule’s environment changes from
enclosure within a solvent shell to residence inside a crystal lattice.

Just how distorted is the T),-dodecahedrane skeleton from the ideal solution-
state [,-analogue? Very little, as expected, since it certainly has a rigid skeleton.
The S(C5) distortion index is only 0.0004, which is very negligible indeed (A. Stein-
berg and R. Glaser, unpublished data) [143]. Despite the molecule’s very negligible
distortion from ideal fivefold symmetry, it cannot be denied that the diffraction
pattern arises from two symmetry unrelated C—H bonds rather than from only one.

We will see later on that the dodecahedron and icosahedron geometries are
related as mathematical ‘duals’. Therefore, not surprisingly, latent cubic symmetry
is also found in crystalline icosahedron skeleton molecules, for example, dirubid-
ium closo-dodecaborate (216, Refcode GALGUVO1 [152]). This geometry is also
found in isostructural Refcode FUYZOOO01 [152] (2K* salt) and JINVAE [152]
(2NH,* salt). Inspection of the Rb* cations surrounding the icosahedron dianion
shows them to be arranged in a perfect cube, 5.434 A per side. Eight face-centered
cations result in a desymmetrization of the solvated dianion’s /;, point group down

216
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to T),-point group symmetry in an Fm3 space group crystal lattice. The four pairs
of cations are arranged on opposite sides of the dodecaborate skeleton and define
four C;-axes that pass through the skeleton’s inversion center. The 12 uncom-
plexed triangular faces are arranged as six pairs of fused 1.781 A isosceles triangles
sharing a 1.771 A common side, through which three mutually perpendicular C,-
axes enter the midpoints of a black colored B—B bond, pass through the inversion
center, and exit the B—B bond midpoint on the opposite face. Three pairs of par-
allel black B-B bonds on opposite sides of the dianion define the three mutually
perpendicular o ,-planes.

104
Mobility of Cubane and Dodecahedrane (CH),, Spherical Molecules within a Crystal
Lattice

Crystallography is sensitive enough to probe even the negligible I, geometry dis-
tortion of crystalline T),-symmetries dodecahedrane 215 and 2Rb*-dodecaborate
216. Can solid-state NMR spectroscopy do the same? If this is possible, then
samples of crystalline 7)-symmetry dodecahedrane and S;-symmetry cubane
should exhibit Cross Polarization/Magic Angle Spinning (CP/MAS) solid-state
NMR spectra with 3:2 and 3: 1 respective ratios of diastereotopic anisochronous
13C signals. Interestingly, solid-state NMR showed only one carbon signal for
each crystalline solid. Does this mean that something is amiss in the solid-state
NMR technique? The answer is “no.” There simply are different measurement
timescales for X-ray crystallography and solid-state NMR data collection (i.e.,
different “camera shutter” speeds). This section discusses why the expected num-
ber of signals (commensurate with their crystallographic point group symmetry)
was not found in solid-state NMR.

Glaser et al. [153] recently observed only one signal in each of the corre-
sponding 'H and 3C solid-state NMR spectra: § 3.99 and & 49.83 for cubane
and 6 3.41 and 6 67.88 for dodecahedrane. These data were acquired with 'H
CRAMPS (COMBINED ROTATION AND MULTIPLE PULSE SEQUENCE,
spectroscopists do have a sense of humor) and '*C CP/MAS pulse sequences. The
observed anisochronicity shows fast topomerizations of diastereotopic nuclei to
afford isochronous time-averaged signals. These findings are clearly inconsistent
with the S and T}, point group symmetry for the crystalline samples.

What other NMR evidence is there for a fast topomerization of diastereotopic
nuclei within these two molecules? First, there is the well-known precedent of
spherical-like adamantane’s mobility in the solid state. Mobility of adamantane
enables it to be a standard sample for solid-state NMR magnetic field shim adjust-
ment (adjustment of the superconducting static external magnetic field (H,;) to
produce parallel magnetic lines of force, that is, a homogeneous magnetic field
that enables detection of narrower linewidth signals).
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To understand the other solid-state NMR evidence for mobility, we should
consider additional aspects of the basic NMR experiment. A short microsecond
pulse at a preset “o,” megahertz radio frequency (RF) high-power electromag-
netic energy H; field is broadcast in the +X direction 217 so that its polarized
magnetic-field oscillations are coplanar with the 218 conical base planes swept
out by precessing +p or —u magnetic dipoles around the conal axis. This changes
the initial Boltzmann distribution of nuclei whose ground a- and excited p-states
nuclear populations were initially in N, > N thermal equilibrium. The population
change N, =N, occurs when the NMR broadcast magnetic-field o, oscillation
frequency is in resonance with the p-magnetic dipole vector’s Larmor precession
frequency v; (i.e., when o, =v| = AE/h energy difference between a- and p-states,
and /1 = Planck’s constant, see 218).
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Cessation of the transmitter’s RF-energy pulse then enables relaxation mecha-
nisms to purge the spin-system of the excess (absorbed) energy. Their purpose is
to rebuild the initial N, > N thermal equilibrium population condition via stimu-
lating emission of the p-state’s excess energy. For this to come about, the emission
is induced by mobile close-by ground-state neighboring magnetic u-dipoles in
nuclei whose local magnetic fields also fluctuate at the appropriate Larmor
frequencies. In low viscosity solutions, Brownian motion of these ground-state
neighboring magnetic nuclei generates a Gaussian distribution of fluctuating
weak magnetic local fields (known as the “NMR-lattice” or “surroundings”). The
B — a-state energy transfer process comes about by magnetic dipole—dipole
interactions between the nuclei. As a result of the transfer, the energy-receiving
a-neighbor’s +u-magnetic dipole reorients more rapidly. The faster the rate
at which the relaxation mechanism’s donating nuclei revert to their N, >N,
thermal equilibrium state population, the shorter is the time constant for this
kinetic nonadiabatic process. Nuclei resident within very viscous solutions or
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those within a solid matrix/crystal obviously cannot reorient at the required
v, megahertz higher frequency magnetic field oscillations, and thus their time
constants are very long. This time constant is called time constant number one
(T,) or the spin-lattice time constant. The almost immobility is the cause of the
notoriously long T, times for nuclei in crystalline molecules (compared to their
solution-state spatially mobile counterparts).

Immobile molecules have appendages that lock into a grid of preferred solid-
state orientations due to intermolecular tessellation. However, within the category
of crystalline molecules, there exists a subset of spherical molecules that undergo
alternating periods of rapid flips about their preferred orientations, followed by
rest for short time periods. Cubane 214 and dodecahedrane 215 are two of these
spherical (CH),, crystalline molecules that undergo staccato-like fast topomeriza-
tion in the lattice and enable the hydrocarbon’s diastereotopic nuclei to afford
weighted time-averaged chemical shifts. The mobility of these spherical molecules
is what causes them to exhibit considerably shorter T1 values than immobile solid-
state tessellated molecules. They are not continuously rotating, since if this was the
case, then the resulting disorder would clearly be denoted in the crystal structure.
These crystals with internal molecular mobility are referred to as “plastic crystals”.
We have recently measured cubane’s 7', to be 0.72 s and a longer 2.37 s value for
dodecahedrane at 315 K [153]. Thus, larger and heavier spherical dodecahedrane
appears to be less mobile than the smaller cubane hydrocarbon.

The broadcast pulse also induced phase coherence of the +p-magnetic dipole
vectors that were previously randomly distributed (218) upon the conical
surfaces at thermal equilibrium. Therefore, rebuilding the thermal equilibrium
condition also requires a second process to randomize the phases of these
vectors. The process is adiabatic since it is stimulated by very low frequency
energy (i.e., that of thermally vibrating nuclear dipoles within the solid sample).
The kinetics of this process proceeds at time constant number two (T,), the
spin-spin time constant. In low viscosity liquids, 7, =T,, and all the NMR
signals are as narrow as they are ever going to be, that is, the extreme signal
narrowing condition. The faster this T', process is, the shorter are the lifetimes
of the nuclei in their excited states. These short lifetimes cause significant Av;
inexactitude when measuring the v; signal induced into the spectrometer’s
detector. The result is very wide v; +Av; nuclear dipole—dipole broadened
signals in solid-state NMR.

Any more evidence? Yes, but one must become a tad more technical in
presenting it. Solid-state CP/MAS experiments do not directly excite *C
nuclei. Why? Long 57;-based recycle times needed to repeat the experiment
and thereby improve the very low signal-to-noise baselines found for low
natural abundance '*C nuclei. Instead, spatially close 'H nuclei first absorb
megahertz radio-frequency energy, and via some very cleaver physics, their
energy is transferred through space to 3C neighbors. The contact time period
is the amount of time that 'H nuclei make the transfer. This cross polarization
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(CP) process proceeds with a Ty kinetic time constant. Less mobile molecules
afford a more rapid CP-build up rate to steady-state levels (i.e., the steeper
the curves in plot 219 become, the shorter are the T~ time constants). This
plot measures the minimum *H— 3C contact period time required to reach
maximum '3C signal intensity. The faster 28 +3ms T time constant for
less mobile dodecahedrane can be compared to more mobile cubane’s slower
1394 + 68 ms value illustrated in plot 219 [153]. Therefore, both the T and
CP-buildup experimental results can be interpreted in the same manner (ie.,
both molecules are mobile, but dodecahedrane is considerably less mobile than
cubane) [153]. The known 4999 + 877 ms Ty value for spherical adamantane
was measured as a check of the operator’s skill in performing the experiment
correctly. It must be added that mobility is not the only factor influencing
Ty A 13C-nucleus’ Ty, value is also a function of the number of protons
directly ligated to it. Therefore, the fact that adamantane has both methine and
methylene carbons means that its 7'-;; values may not be compared with those
of the all methine carbon Platonic-solid geometry hydrocarbons, (CH), (n=8
or 20).

h v
v
10 Dodecahedrane
TCH 28+3 ms
8 -
2
‘@ ]
c
2
£ 6+ &
4 Cubane
E _A TCH 139468 ms
T 4-
A A/
2 -
0- T T T T T T T T
0 1000 2000 3000 4000

Contact time, us

219

167



11

Platonic-Solid Geometry Molecules and Crystallographic
Constraints upon Molecular Geometry, Symmetry Distortions
from Ideality

111
Geometrical Considerations in High-Symmetry Molecules

It is difficult to predict when a symmetrical molecule will occupy a special position
(although we did discuss the high preservation propensity for solvated inversion
and C; symmetry elements) [128, 129]. However, we do know with certainty when
a solution-state symmetry can never be expressed in a crystal lattice. Ideal fivefold
rotation symmetry and any rotation axis whose order is greater than six will not
be observed in any periodic crystal. This leaves the O, -point group as the highest
that can be expressed in a crystal. However, the O, -point group’s higher order (48)
requires quite a lot of special positions to be occupied!

It is not unexpected then that high-symmetry solvated molecules have a
particularly difficult time maintaining their multiple symmetry elements upon
crystallization. There are two isostructural surprises however. Both the potas-
sium and cesium salts of the hexaborate dianion (BgHg)™2 (220) maintain all
48 symmetry operations of their solvated octahedral O,-point group geometry
upon crystallization (Refcodes GIGRIX and GIGROD) [154], although crystalline
cubane [149] does not. The asymmetric unit Z’ = 0.02 includes K* (or Cs*) and
one B-H bond, while that for Z’ = 0.17 cubane encompasses an H-C-C-H
unit. Why do cubane and (B;H,)72-2K* both exhibit O, symmetry in solution
and but only the latter does so in the solid state? When we look at both the
dianion and its cations (221), the answer becomes apparent if one is trained
to look for it. Eight cations are face centered in regard to the dianion. In other
words, a cation resides above each of the regular octahedron’s triangular faces,
that is, they all occupy special positions of C;-rotation symmetry. Why so many
cations for only one hexaborate dianion? Answer: The cations are also shared by
surrounding dianions so that neutrality of charge is maintained. A C;-axis passes
through K* and then enters the equilateral triangular B-B—B face beneath it.
From there it transits the octahedron’s center (a point of inversion) and then
exits the other triangular B-B—B face with a K* beneath it. The eight cation
super-arrangement affords a perfect cube. What this means is that each of the

Symmetry, Spectroscopy, and Crystallography: The Structural Nexus, First Edition. Robert Glaser.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
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(BgHg) 72 eight triangular faces bears a one-fourth negative charge, and each K*
cation is surrounded by four tetrahedrally arranged dianion neighbors. This is
the way one K* affords one-fourth positive charge to each of its spatially close
dianion partners.

220

Arrangement 220 is not surprising if one knows about duals in solid geometry.
The five convex Platonic solids have the esthetic property in which connection of
each face’s midpoint generates another perfect Platonic solid. Thus, the midpoints
of each of the octahedron’s eight triangular faces (“hedra” in Greek) generate a
cube’s eight vertices. Correspondingly, linking the midpoints of a cube’s six square
faces forms the octahedron’s six vertices (see 221). There are other examples. If
we inscribe a midpoint within each of the 12 pentagonal faces of a dodecahedron,
then we produce the icosahedron’s 12 vertices. Finally, the 20 midpoints of the
triangular faces of an icosahedron yield the dodecahedron’s 20 vertices (see 222).
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What about the tetrahedron (pyramid)? It is its own dual (see 223). So, Nature
does have a high esthetic sense of form and beauty.

Consider the octahedral O,-symmetry of composite cube 224 that has been
constructed from eight smaller cubes. Two pairs of adjacent cubes that share a
common side (1,2 on top and 3,4 on the bottom) are then removed. This desym-
metrization generates a T;-symmetry tetrahedron from the centers of the four
remaining cubes 225. The desymmetrization to the 7;-point group has removed
half the symmetry operations of the parent O,-symmetry order 48 cube. The T ;-
point group is of order 24. Its point group elements are Sf;EE, 4(C,, Cg), 3(S,
$2=C,, S3), and 66, that is, 1 + (4 X 2) + (3 X 3) + 6 = 24.
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It has always been a challenge for chemists to synthesize molecules of high
symmetry. The goal is even more difficult if it is desired to produce them with
high chiral symmetry. Molecules with perfect T,-, T),-, and O,,-achiral symmetry
are known. Obviously, methane and CCl, are common everyday examples of T ;-
symmetry. We have already discussed two crystalline examples of the relatively
rare T),-point group symmetry (215 and 216). Now, we will discuss crystalline
examples of the high T-symmetry chiral point group.

11.2
Syntheses Strategies of High-Symmetry Chiral Molecules

This section discusses a situation where researchers, referees, and the editors
of two well-respected journals all fell into the trap of having an incomplete
understanding of a particular unusual symmetry. Unfortunately, the result
was an erroneous report of a first synthesis of a T-symmetry chiral organic
molecule, when in fact the target compound only exhibited the more common
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garden-variety D,-symmetry. This first synthesis of a T-symmetry molecule
was based upon a very simple premise [155, 156]. The idea was to convert
T,-symmetry adamantane’s skeleton (226) into a 1,3,5,7-tetrakismethylol
derivative, adamantane-1,3,5,7-(CH,OH),. The next step involved taking an
enantiomerically pure D;-symmetry (—)-trishomocubane chiral skeleton (227)
and elaborating it into the supposedly C3-symmetry (—)-trishomocubanyl-acetic
acid. This was to be followed by linking it to the adamantyl-tetrakis-methylol
to generate a chiral —-CH,OC(=0O)CH,— linked tetraester derivative that was
supposed to have T-symmetry. Can you spot the logical error? The synthesis strat-
egy was that ligation of four chiral D;-symmetry (—)-trishomocubanyl units to
T,-symmetry adamantane would remove all of the latter’s 6-planes. And, indeed,
this surmise was correct. However, at each stage of the multistep synthesis, the
assumed symmetry was incorrect. Why? The D,, and C, respective symmetries
of adamantane-1,3,5,7-(CH,OH),, and (—)-trishomocubane-1-CH,C(=0)OH
were a mismatch with the former C;-rotation axes since the reactive groups were
planar and not conical. As a result, a further condensation reaction to yield the
chiral tetraester product had a planar —-CH,OC(=0O)CH,— (228) linkages, which
now afforded only mundane D,-symmetry (of which many examples already
existed).
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Reading this communication in the BGU library (R. Glaser, unpublished
results), it was decided not to write a correction, since it was obvious that
Kurt Mislow had undoubtedly seen it and had already written to Chemical
Communications declaring that the tetraester’s actual symmetry was only D,.
This assessment was indeed correct, and it was not long before the record was
indeed set straight in a one-paragraph article [157]. Two years later, Nakazaki
and coworkers [158] acknowledged Mislow’s correction and reported a genuine
T-symmetry adamantane molecule tetra-substituted by linear C_-symmetry
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diacetylene (~C=C-C=C-) units ligated to (+)-trishomocubane termini. There
was now no longer a symmetry mismatch since Cj is a subgroup of the high-
order C_ -point group. However, the question has to be asked why did the
peer-review process break down? Its purpose is to protect the author (and the
journal) from publishing embarrassing errors. If there is a logical flaw, better
to know about it prior to publication rather than afterward. Bottom line: ref-
erees who review manuscripts outside the scope of their expertise and editors
who approve their reports due to work pressures can sometimes do a grave
disservice to science. Mislow has been known to say: “once you write it, it is
forever.”

11.3
Ethano-Bridge Enantiomerization of T-Symmetry Molecules

In 1992, Vogtle and coworkers [159] set out to synthesize a nearly spherical
hydrocarbon as a potential n-ligand with a largely (but not completely) closed
surface and intramolecular cavity. While their goal was not to synthesize a
T-symmetric organic molecule, nevertheless, this is indeed what they pro-
duced. The molecule crystallized in the rhombohedral R3 chiral space group
and occupied a special position of C;-symmetry perpendicular to the 1,3,5-
trimethylphenyl ring center (Refcode PALWAA) [159]. Crystallization of a
racemic mixture of chiral tetrahedral cage compounds afforded a conglomerate
of chiral crystals. Since the unit cell contained only molecules of the same
handedness, we see that the crystallization process afforded a spontaneous
resolution providing that the molecules remained within the confines of the
lattice. (P)- and (M)-enantiomers of C;-symmetry tetrahedral cage structures
of crystalline spheriphane 229 and 230, respectively, exhibit high-fidelity
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T-pseudosymmetry in the chiral crystals. The asymmetric unit comprises
one-third of the C;-symmetry molecule. Nevertheless, our eyes cannot discern
the miniscule, but real, deformation that lowered the ideal symmetry from
T- to C;. We know this to be true since X-ray crystallography only showed a
one-third molecule asymmetric unit. Dissolution of the crystals generates a
rapidly interconverting racemic mixture of genuine T-symmetry enantiomers.
The (+)- or (=)-synclinal twists of the gray color-coded ethano (-CH,—-CH,-)
bridges depicted in 231 are labile stereogenic units and are the source of chirality
of the cage structure. During the construction of the structure, all the bridges
are mechanically constrained to be homochiral due to the cage’s compact
geometry.

Crystalline 229 or 230 has only one genuine C;-axis through a single 1,3,5-
trisubstituted aromatic ring, while three other molecular axes are high-fidelity
C;-pseudosymmetry mimics. There are six ethano bridges, and three solid-state
C,-pseudosymmetry axes passing through the midpoints of pairs of opposite
bridges. Inspection of an ethano bridge 231 drawn from crystal coordinates
shows that our eyes really cannot differentiate between extremely high-fidelity
C,-pseudosymmetry and the genuine article.

231

Enantiotopic nuclei become diastereotopic when residing within a chiral
environment. We have seen earlier that the observation of anisochronous NMR
signals for diastereotopic methylene geminal protons or isopropyl methyl groups
provides a very useful probe for the existence of molecular chirality. However,
while symmetry equivalence for pairs of nuclei is sufficient for isochronicity,
it is not a necessary requirement since fast topomerizations of two or more
diastereotopic nuclei (e.g., those in (+)-synclinal 232) will also engender a single
degenerate frequency time-averaged NMR signal. The (+)-synclinal twist angles
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for the ethano bridge are labile stereogenic elements due to the low enantiomer-
ization energy barrier for disrotatory motion about the single CH,—~CH, bond
leading to an eclipsed transition state 233.

Using the same atom and magnetic-site labeling protocol illustrated in Figure
6.1 for 114-(I-III), we will follow the enantiomerization process of 'H nuclei
within (+)-synclinal 232 and (—)-synclinal 234. The ethano-bridge protons are
assigned atom labels (i.e., H1, H2, H3, and H4). Our observation of a C,-axis
(dashed line) results in two sets of symmetry-equivalent diastereotopic methy-
lene protons: set 1 (antiperiplanar H1 and H3) and set 2 ((—)-synclinal H2 and
H4). This means that there are also only two symmetry-equivalent magnetic sites
(@ and b) within 232: a is assigned to both H1 and H3 and b to each of H2
and H4. It is readily apparent that exchange partner (—)-synclinal-234 also has
C,-symmetry and that it is the enantiomer of (4)-synclinal-232. Therefore, 234’s
externally enantiotopic magnetic sites are assigned as b to each of H1 and H3
and a to each of H2 and H4. Finally, the permutation for set 1 H1 and H3 pro-
tons is determined to be (a, b) while that for set 2 H2 and H4 is (b, @). Since the
two permutations contain the same site letters but differ in their respective “bar”
notations, set 1 H1, H3 and set 2 H2, H4 are dynamically enantiotopic and hence
isochronous at the fast exchange limit (FEL).
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Vogtle and coworkers reported that “The high symmetry of spheriphane 229,
230, a tetramer of 1,3,5-trimethylenebenzene, is proved by spectroscopy. The
'H NMR spectrum shows only one signal [each] for the aromatic and benzylic
protons, respectively, and the 13C NMR spectrum has only three signals.” These
are the methine and quaternary aromatic carbons and the aliphatic methylene
carbons. They go on to state that “Even at temperatures lower than —90°C the
molecular skeleton is flexible enough not to hinder the twisting of the ethano
bridges about the [C,-axes perpendicular to the] C;-symmetry axes, so no splitting
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of the signals is observed.” Clearly, they certainly were very well aware about the
effects of molecular chirality upon the temperature-dependent dynamic nuclear
magnetic resonance (DNMR) spectrum.

11.4
Self-Assembly of T-Symmetry Chiral Molecules

Chiral molecules exhibiting T-symmetry can be prepared in a “one-pot self-
assembly” of four metal ions and six coordination-ligand linker units to yield
tetrahedral tetranuclear tetra-anion clusters of chiral propellers [160, 161]. In
1990, Saalfrank et al. [161] reported T-symmetry tetrahedral chiral clusters (235)
of four Co'! ions or four Mn!! ions, Refcodes SEVCEB and SEVCAX, respectively.
Six tetradentate atropisomeric (not to be turned) C,-symmetry spacer ligands 236
form the tetrahedron’s edges and their termini link (or bridge) homochiral two
C,-symmetry octahedral metal propeller units 237 residing at the tetrahedron’s
apexes. Spacer twist angles for the 6,5,6,6-enantiomer exhibit typical +70(8)°
O(blade)—Cquat—Cquat—O(blade) synclinal torsion angles, while those of the
propellers show +53(3)° O, —centroid, ., (on C;-axis)—centroid,,,(on C;-
axis) — Oy e, values. The R! and R? substituents on 0,0’ -disubstituted atropisomer
linker units have all been removed to simplify drawing 235 (and others in this
section). A listing of R! and R? propeller-blade substituents is given in 238.

The very first T-symmetry geometry cluster with magnesium!' ions (Refcode
GIJHAI R! = C(=O)OEt, R? = OFt) was actually prepared by the Saalfrank [160]
group 2 years earlier (1988), but like spheriphane, the authors did not recognize
its symmetry. The 1988 paper stated “'H and '*C NMR spectra are impressively
simple [empirical formula ... CoiH,,,04Mg,(NH,),; T, symmetry, eight (1) 13C
NMR signals] and thus provide no detailed information whatsoever about its
structure.”

While solvated GIJHAI's 'H NMR (500 MHz, CDCl,, 32 °C) spectral plot 239
was published only in a later article (2002), the numerical data was presented in
the 1988 paper. Considering the crystal structure’s 10-hydrogens/blade ((6-CH,
and 4-CH, protons)/blade) and 8-carbons/blade and an empirical formula of
CoeH190060Mg,(NH,), clearly shows a basic asymmetric unit building-block unit
of only 8/96 = 10/120 = 1/12 of the molecule. Despite the aforementioned state-
ment to the contrary, solvated GIJHAI’s detailed structure could be ascertained
from its 'H NMR spectrum. The cluster’s 48 geminal protons can be subdivided
into two heterotopic sets of 24 protons each: set 1 =12 x H1 + 12 x H2 for
CH;CH,OC and set 2 = 12 X H3 4 12 X H4 for CH;CH,OC(-O)C. Only if both
sets contain diastereotopic partners, all the geminal protons will be split into an
AB-quartet pattern. Therefore, the observation of four overlapping AB-quartets
at 6 3.95, 4.06, 4.17, and 4.27 can only be explained by concluding that all the
methylene geminal proton pairs reside in chiral environments. Thus, it is apparent
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R' = H, C(=0)OMe, C(=0)OEt, C(=0)OBut
R2 = OMe, OEt, OBut

238

237

that the one propeller-blade building-block unit was present in a 7-symmetry c/i-
ral cluster. The T-symmetry point group is of order 12, and the 12-point group
elements are E, 4(Cs, C3), and 3C,. These are exactly half of that for achiral 7, and
T, since all of their 12 Second Kind chirality-inversion operations are absent.
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Three of the Saalfrank group’s crystal structures showed perfect crystallo-
graphic T-point group symmetry (Refcode HERPEZ [162], R!'=C(C=0)OMe,
R?*=0Me, M=Fe!' and Refcode HERPID [162], R! = C(C=0)OEt, R?>=OFt,
M = Fe! both of which crystallized in the Fd3 cubic system space group, and Ref-
code IFUHOG [163], R' =H, R? = OEt, M = Mg, which crystallized in the Fd3c
cubic system space group). Finding such a crystallographic high-symmetry point
group structure is a very big deal to a structural chemist, and it can “make your
day.” Sadly, the good fortune of describing perfect crystallographic T-symmetry
tetrahedral structures for these clusters was never specifically mentioned to this
day. Other crystalline clusters exhibited C;-, C,-, and C,-point group symmetry
in the lattice and thereby only show high-fidelity 7-pseudosymmetry to our
eyes. But, all clusters exhibit perfect T-symmetry when solvated. So, what is the
take-home message of this? The local environment’s site symmetry at which a
crystalline or solvated molecule resides dictates its molecular structure.

Some of the Saalfrank clusters showed ammonium ions ("NH,) or K* bound
slightly above the centers of each triangular face (see 240, 241) [164]. They are
called exohedral guests, and their Refcodes are MUYRIH, MUYSAA, MUYSEE,
MUYRON, and MUYRUT. In these clusters, one observes that a tetrahedron is
its own dual (243), compared to the different topologies of the cube/octahedron
221 or dodecahedron/icosahedron 222 pairs of duals. Again, this interesting
geometrical finding was not commented upon in the original articles. These
face-bound T-symmetry tetra-anionic crystalline clusters bear a striking simi-
larity to the T,-symmetry 2Rb*-icosahedral-(B;,H;,)~% (216) and O,-symmetry
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2K*-octahedral-(BgHg) ™2 (220) crystal structures, although only the latter has
a dual. The esthetically pleasing inverted tetrahedron within the tetra-anionic
tetrahedron’s triangular faces (outlined by the dark bonds in 241) is known as
a “merkaba.” It is sometimes called a “star tetrahedron” or a 3D Star of David,
and some believe it to have healing and spiritual properties. There are those
who consider its mystical properties to derive from Ezekiel’s use of a merkavah
(chariot in Hebrew) to ascend to heaven.

240

242
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T-symmetry tetrahedral clusters can also be prepared from C;-symmetry
1,3,5-trisubstituted phenyl hexadentate ligands [165]. In this case, the stereogenic
spacer units now reside upon the cluster’s equilateral triangular face centers
(see dashed lines in 242, Refcode ADODOM). The blade substituents of the
tetranuclear Fe cluster were R! = C(=0)OBu?, R? = OBu’. Similar to the case
of the C,-symmetrical tetradentate ligands, the linkage unit is spatially compact
enough to induce homochirality from one propeller into its partner as the cluster
self-assembles.

11.5
Enantiomerization of T-Symmetry Clusters

During the self-assembly of edge-differentiated tetradentate-linked clusters,
the induction of chirality from one propeller into its neighbor was mediated
by the atropisomeric linking units. Clearly then, the two types of helicity are
intimately correlated, and enantiomerization must proceed by a simultaneous
change to both stereogenic building blocks. The A-propeller (243) undergoes
a Bailar Twist via planar transition state (244) to become a A-enantiomer
(245). At the same time, the (M)-atropisomer or (—)-synclinal tetradentate
edge-linker in (243) must concurrently become the (P) or (+)-synclinal enan-
tiomer (245) via the same transition state. The (4« A) enantiomerization
process cannot occur without a concomitant (P < M)-process, since the entire
molecule enantiomerizes in a concerted manner. In a manner similar to the
helicity interchange ring-flips discussed earlier (see 162), the syn disposition
of the atropisomeric linker’s edge-substituents is maintained after a disrotatory
passage through a combined two ring-flip/Bailar Twist coplanar transition state

244.
B %
s Qi

LTI
nﬂ'\'f
P

\

£ ey

(A,M)-243 244 (A,P)-245



11.5  Enantiomerization of T-Symmetry Clusters

The Saalfrank [163] group performed some elegant DNMR experiments on
the enantiomerization of the T-symmetry clusters. To do this, they prepared
Mg! clusters IFUHUM and IFUHOG with very small sterically demanding
R! =H substituents (whereby a proton replaced the larger R' = C(=0)OMe or
C(=0)OEt unit) [163]. We will consider only the (*NH,Et),-tetranionic IFUHUM
complex since it has exohedral Et-substituted ammonium nitrogens face-bound
1.40 A above the Mg—Mg—Mg triangular faces. The impetus for preparing these
particular R! = H clusters was the desire to lower the energy of activation for the
enantiomerization coplanar transition state (244) of abutting R!---R'=H- - -H
atoms in (A,M)-243 and (4,P)-245 interconverting clusters (and indeed it did).

We will again make use of the atom and magnetic-site label protocol to
discuss the variable temperature 'H NMR partial spectra inserts (recorded
at 263, 273, 283 K) plotted above the 305K full spectrum presented in 246.
Two heterotopic sets of geminal diastereotopic methylene protons can each
probe enantiomerization of the T-symmetry cluster. These are the & 2.23
diastereotopic H1, H2 protons within the face-bound *NH,;CH,CH, group
and the 6 4.09 diastereotopic H3, H5 protons within R*=OCH,CH, lig-
ated to the stereogenic edge-linkers. Having said this, we may assign the
magnetic-site letters as @ to H1 and b to H2 for the face-bound H;N*CH,CH,
geminal pair, followed by ¢ to H3 and d to H4 for the edge-bound OCH,CH,
geminal pair in T-symmetry cluster (A,M)-243. Similar to the example of
the 232, 234 enantiomeric pair, magnetic-site “enantiomeric” labels may be
assigned for the H1, H2, H3, and H4 externally enantiotopic protons within
enantiomeric cluster (4,P)-245: that is, b to H1, @ to H2, d to H3, and ¢ to
H4.

The next obvious thing to notice is that the NMR signals in plot 246 are all
appreciably broadened in the entire series of temperature inserts. The absence
of narrow lines means that no subspectrum was recorded under slow exchange
limit (SEL) nor FEL exchange conditions. Each H3 and H4 OCH,CH, proton
signal has been recorded as a separate broadened peak at 263, 273, and 283 K
clearly showing that they were recorded under Slow Magnetic Site Exchange
Broadening temperature conditions that are above the SEL. Increasing tem-
perature results in increased linewidths as the peaks move closer together.
This is concomitant with an increasing valley height between the two broad
peaks. On the other hand, the H1, H2 H;N*CH,CH; geminal pair appears as
separate broad peaks at 263, 273 K and has coalesced as a broad-plateau at the
283K T, (coalescence temperature). Finally, geminal protons in both probes
appear as different time-averaged single broadened peaks at 305 K showing that
the protons are now undergoing exchange in the Fast Magnetic Site Exchange
Broadening temperature regime. The exchange permutations for the four protons
can now be written: (a,Z) for H1, (b,a) for its H2 partner, (c, E) for H3, and
(d,c) for its H4 companion. Bottom line: there are two sets of dynamically

181



182

11 Platonic-Solid Geometry Molecules and Crystallographic Constraints

enantiotopic protons: H1, H2 and H3, H4, that is, two anisochronous signals at
the FEL.

From the Av, =| vy, — vy, | and Ay, =| vy — vy, | values found in the SEL
spectrum (not shown in plot 246), one can then calculate k,, (the kinetic exchange
rate constant in s!) from the useful expression k,, = nAv,/ \/2 = (2.22)(Av,)
for the exchange process at that particular T, temperature (283K). In this
manner, the calculated AG* = —RT,.In K, energy of activation for enan-
tiomerization was found to be 13kcal/mol. The high valley between the
OCH,CH; H3, H4 broadened peaks shows a >283 K T, value for this particu-
lar set.

Why are there two different T, temperatures for H;N*CH,CH; H1, H2
and OCH,CH; H3, H4 signals? Answer: the SEL Av, =| vy, — vy, | value is
undoubtedly different than Av, =| vy — vy, |. Is this reasonable? Of course.
Why should the difference in magnetic sites for face-centered H;N*CH,CH, H1,
H2 be identical to that for edge-centered OCH,CH; H3, H4? After all, each set
resides in a different region of the complex.

R2 = C(=0)OCH,CHS4

N\ J
Yo
*NH3CH,CHj
%(_J
R2 = C(=0)OCH,CH,
N Y,
Y
+*NH3CH,CH,
%(_J

RT=H
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11.6
Tetradentate Edge-Linker Units Separated by a Spacer

The Saalfrank et al. [161] paper stated that “The dissymmetry of this tetranuclear
anion results from the atropisomerism of [the] ligands.” While not untrue, the
chiral propeller’s important role was completely neglected in this explanation.
The synergism between the two types of stereogenic units (propeller helicity and
not just the atropisomerism of the edge-linkers alone) is actually the root of the
cluster’s homochirality. The fact of the matter is that the readily enantiomerizable
R'=H edge-linker discussed earlier would not really be categorized as atropiso-
meric if it was an isolated biphenyl molecule. In actuality, the barrier is due to
correlated motion within a tetrahedral confined system of four simultaneous “two
ring-flip like” and concomitant Bailar-twist transition states. Carrying this stere-
ochemical argument one step further, one can hypothesize that if the propeller
units were to be separated by a longer more flexible spacer, then the initial chiral-
ity of the first propeller need not be induced into that of its neighbors (i.e., loss of
homochirality) as the complex self-assembled. A very warm e-mail of congratula-
tions was written to Rolf Saalfrank in 1990, commending him for his achievement
in preparing the esthetically beautiful 7-symmetry complexes (R. Glaser, unpub-
lished results). The possible role of short versus longer spacers was discussed (and
their relative effect on the efficiency of induction of initial propeller chirality into
the other metals as the self-assembly progressed). A 1,4-disubstituted phenyl unit
spacer between adjacent bidentate propeller blades was suggested in this e-mail
so that the prediction could be tested (R. Glaser, unpublished results).

I cluster was

Indeed, the following year, an S,-symmetry meso-tetranuclear Fe
produced by the Saalfrank [166] group using the 1,4-disubstituted phenyl spacer
element. The Refcode PIDWAY cluster crystallized in the P4n2 achiral tetrago-
nal system space group in which the meso-molecule occupied a special position

of fourfold rotatory-reflection (S,) symmetry in the crystal lattice (see 247). This
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is another example showing that meso compounds do not only come about by
reflection symmetry.

11.7
Self-Assembly of O-Symmetry Chiral Molecules

A similar principle has been recently used to self-assemble an O-symmetry
chiral octahedron geometry cluster in which six C,-symmetry square planar
Pd! metal/tetrakis 4-pyridinyl complexes form the apices of an octahedron,
and 12 C,-symmetry twisted 1,1-binaphthyl atropisomeric ligands gener-
ate the octahedron’s sides; see 248 [167]. As opposed to the relatively labile
atropisomeric ligands in Saalfrank’s T-symmetry clusters, over-vigorous heat-
ing of the (R,R')-8,8-disubstituted-1,1’-binaphthyl stereogenic unit (where
R=R'=-OCH,OCH;) will probably cause decomposition rather than enan-
tiomerization. These units are C,-symmetry edge-linkers ligating two Pd!

square-pseudoplanar complexes and are shown in 249. The twist of the 1,1’-
binaphthyl unit in the density functional theory (DFT) model was measured to
be an orthogonal-like 80° OC-C(quat)—C(quat)—CO value about the C-C central
bond.

Although the cluster’s crystals proved to be too thin for X-ray structure
determination, the high O-symmetry was characterized by NMR, MS, dynamic
light scattering (DLS), transmission electron microscopy (TEM), and electron
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energy loss spectra (EELS) as well as electronic circular dichroism (ECD)
[167]. Furthermore, experimental ECD data were in complete accord with the
theoretical simulation.

The homochiral twists of the 12 atropisomeric edge-linkers result in a desym-
metrization of the achiral O),-symmetry point group of order 48 to yield the chiral
O-symmetry point group of order 24. Similar to the case of the last desymmetriza-
tion, one-half of the O),-symmetry group elements (i.e., those of the Second Kind)
have been eliminated by incorporation of the chiral stereogenic units. The point
group elements of the set are C;=E, 3(C,, C:=C,, Cz), 4(Cs, C3),and 6C,/, that is,
1+4(BX3)+(“@Xx2)+6=24.

11.8
O-Symmetry Ferritin Protein Octahedral Shell

Nature has provided us with an O-symmetry self-assembly called ferritin 250
(Protein Data Bank structure ID 1LB3) [168]. This F432 cubic system chiral space
group protein consists of a mineralized core with an octahedral geometry pro-
tein shell made up of 24 identical subunits (obviously consisting of only L-amino
acids) arranged in groups of three on the equilateral triangular faces of an octahe-
dron. Ferritin is a ubiquitous intracellular protein that is produced by almost all
living organisms. Its role is to concentrate intracellular iron and then release it in
a controlled manner. It acts as buffer in humans against iron deficiency and iron
overload.
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11.9
Desymmetrization Resulting from Symmetry and Chemical Constraints

Steinberg [143] (A. Steinberg and R. Glaser, unpublished data) has shown that
the Platonic-solid geometry octa-¢-butyl-octasila-cubane, Sig(¢-Bu)g (Refcode
YISJUFO1 [169] 251), and tetrakis(tri-¢-butylsilyl)-tetrasila-tetrahedrane, Si,(Si-
t-Bu,), (Refcode PEMNEA [170], 252) molecules offer an opportunity to probe
the effects of threefold rotor steric bulk upon the coexistence of reflection
and inversion pseudosymmetries in these crystalline regular silapolygons. Both
molecules crystallized as conglomerates of chiral crystals in trigonal R32 and cubic
P2,3 chiral space groups, respectively, and both have skewed rotors occupying a
single special position of C;-rotational symmetry within their respective lattices.
Once again, this is in accord with the comment by Brock and Dunitz [129] that
there is a propensity for threefold symmetry molecules to keep this symmetry
upon crystallization.

Simple residence within a chiral space group lattice results in chiral molecular
geometries for the two aforementioned molecules although the molecules
could exhibit O, and T, pseudosymmetries. In principle, rotor substitution of
all the regular polygon’s vertices has the potential of accentuating rotor twist
due to adjacent-rotor steric interactions as the molecule is assembled. These
energy-demanding steric interactions are expected to be augmented by increased
rotor size and geometrical factors such as decreased polygon-side bond lengths
and bond angles between the side termini and the rotor central atom. For
example, the Si(vertex)—Si(vertex)—Si(rotor) angle in the tetrasila-tetrahedrane is
144.3°, which decreases to 125.3° in crystalline octasila-cubane and then would
reduce to a very small 113.0° for a multirotor substituted hypothetical icosasila-
dodecahedrane. The larger the angle, the larger the rotor’s size (bulk) can be.
Therefore, it is reasonable that adjacent larger —Si(¢-Bu),; rotors were found to
be bound to the more spatially free tetrasila-tetrahedrane vertices, while smaller
—C(Me); rotors were ligated to the more spatially congested octasila-cubane
vertices and not vice versa. Carrying this one step further, placement of adjacent
—C(Me); rotors on an icosasila-dodecahedrane skeleton is expected to generate
unreasonably severe spatial angular constraints.

It is obvious that the genuine C;-axis through the center of 251’s cubane-like
skeleton cannot interchange the on-axis white and dark gray Si—C(Me), rotors.
Only cubane-like 251 has symmetry-equivalent methyl groups (and these are
within diastereotopic sets comprising the two on-axis rotors). Set 1 consists of
the white methyls, and set 2 is composed of the dark gray methyls; see 253. All
the off-axis t-Bu groups are C,-pseudosymmetric. The situation is even more
complicated for tetrahedrane-like 252, where all ¢-butyls now are off-axis and
are only C;-pseudosymmetric; see 254. Note that all ¢-butyls contain three
diastereotopic methyls. To simplify matters, we will not discuss the symmetry
relationships between sets of methyl groups.
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252

253 254

In these two Platonic-solid geometry compounds, do all the rotors exhibit the
same sense and similar degrees of twist? The answer is yes. The deviations from
an ideal staggered conformation for all three types of rotor were measured, and
their twists were found to be homochirally skewed by approximately 10°.
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Next, we can consider how the homochiral twists affect mirror and inversion
pseudosymmetry in the chiral molecules. Steinberg [143] used the Avnir CSM
distortion indices and measured relatively high 0.39(1) S(s) and S(i) values
commensurate with chemically significant divergences from ideal reflection and
inversion symmetry in octasila-cubane and an even higher 1.10 S(o) distor-
tion value indicating a readily perceived absence of reflection symmetry for
tetrasila-tetrahedrane (A. Steinberg and R. Glaser, unpublished data) [143].
On the other hand, rotational pseudosymmetry fidelity markedly improved
with increasing rotor size: octasila-cubane 0.02—0.03 values for S(C,), S(C5),
and S(C,), and even lower tetrasila-tetrahedrane 0.002—0.014 values for S(Cs)
and S(C,) [143]. The latter indicated visually unperceivable deviations from
solid-state T-pseudosymmetry. Bottom line: increasing rotor size effectively
removed symmetry operations of the First Kind in the substituted Platonic-solid
geometry molecules and caused them to assume an increasingly improved chiral
high-symmetry O- and T-pseudosymmetry appearance [143].
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Solid-State NMR Spectroscopic/X-Ray Crystallographic
Investigation of Conformational Polymorphism/
Pseudopolymorphism in Crystalline Stable and Labile
Hydrated Drugs

12.1
Divalent Anions Linking Conformationally Different Ammonium Cations

In this section, we discuss the use of divalent anions as counterions to confor-
mationally different ammonium monocations. The starting premise is if two
conformations of a monoammonium cation are observed in different crystals,
then perhaps one may find them present within the same crystal when a divalent
anion is used. (—)-Lobeline (255) is the active ingredient of Indian tobacco
(lobelia inflata). Lobeline is both agonistic and antagonistic at acetylcholine
receptors. Acetylcholine receptors may be subdivided into two subtypes. One
subtype in the skeletal muscles is also activated by muscarine (256), while nico-
tine (257) can activate a different subtype in smooth muscles, glands, and central
nervous system (CNS). The diequatorial arrangement of the cis-2,6-disubstituted
piperidine ring favors a solid- and solution-state axial N-methyl diastereomer
for the labile stereogenic nitrogen.

The solution- and solid-state stereochemistry of (—)-lobeline-HBr anhydrate
(Refcode VUHEFE]) was studied by Glaser et al. [171] The crystalline-state
conformation of the —CH,CH(O) fragment was found to have an antiperiplanar
HO-CH--*NH-CH, torsion angle arrangement; see (composite)-258 bottom.
A hydrochloride monohydrate pseudopolymorphic crystal structure was found
in the literature (Refcode ZZZSMKO1) [172]. Since the molecular composition

255
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CH,

H3C —N+

CH,

256 257

of the HBr-anhydrate and HCl-hydrate crystals differs, they are only related as
pseudopolymorphs and not as true polymorphs. The hydrated structure exhibited
a (+)-synclinal HO—-CH--*NH-CHj torsion angle conformation and an R§(7)
graph set describes a ring hydrogen-bonding pattern; see (composite)-258-top.
The observation of two conformations and hydrogen-bonding patterns within
different crystal lattices strongly suggests that both structures represent different
low-energy spatial arrangements (Nature does not look for challenges). One
should always try one’s luck and prepare a divalent anion crystal, that is, a
sulfate, since it just may come to pass that the two monoammonium cations
might show different conformations. Why? A divalent anion salt is a completely
new crystalline entity compared to either the chloride anhydrate or bromide
monohydrate salts. As such, there is no symmetry constraint that the two
monoamine anhydrate/monohydrate conformations be either of those observed
in any of the hydrohalide salts. In other words, it is impossible to predict if
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both monoammonium conformations will be those found for either of the
two hydrohalides, or a combination of the two, or even a third (previously
unobserved) structure. However, in the crystal structure analysis phase, there
was a hint that two sulfate oxygen anions might replace the R3(7) water oxygen
and chloride anion in 258 top and act as a hydrogen-bonding template while one
or two of the remaining sulfate oxygens might substitute for the bromide anion
of 258 bottom (or act as a second hydrogen-bonding template). Indeed, the mixed
conformations found in structure 259 (Refcode SUGHOT) (R. Glaser and M.
Drouin, unpublished results) clearly testify that the gamble paid off.

12.2

Cross Polarization/Magic Angle Spinning Solid-State NMR and X-Ray Crystallographic
Studies on the Elusive “Trihydrate” Form of Scopolamine-Hydrobromide, an
Anticholinergic Drug

The intimate relationship between molecular conformation and the sur-
rounding environment can be demonstrated by the anticholinergic drugs
(—)-Scopolamine-HBr-1.5H,0 (Refcode TIDPOL [173], 260), and (—)-
hyoscyamine-HCI (its structurally related deoxy-analogue lacking the oxiranyl
oxygen). They are isolated from the perennial herbaceous (leaves and stems
die in winter, but roots remain alive) belladonna plant or deadly nightshade.
(—)-Hyoscyamine often racemizes during purification to yield racemic atropine.
The compound is named after Atropos Belladonna, the third of the three Greek
mythological Fates (three beautiful women who determine the fate of men).
Clotho, the spinner, spins the thread of life; Lachesis, the measurer, chooses
the lot in life one will have and measures off how long it will be; and finally,
Atropos, she who cannot be turned, who at death cuts the thread of life with
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her shears. In ancient times, there were some that desired to assist Atropos
Belladonna in her holy endeavors and administered this drug in large doses to
selected candidates. However, atropine and also its oxiranyl analogue scopo-
lamine are antagonistic drugs, which, in the proper dosage, can actually save
lives during a nerve gas attack by partially blocking some of the parasympathetic
nervous system’s muscarinic-type receptors so that the neuronal pathway will
not be overexpressed. These neuropathways involve the neurotransmitter acetyl-
choline (Me;N*tCH,CH,OAc) and regulate involuntary acts such as respiration.
Organophosphorylating agents (i.e., nerve gases) irreversibly inactivate the
acetylcholinesterase regulating hydrolase enzyme in the synapse by forming a
covalent bond to the catalytically important active-site serine?*>—~OH group
and thereby producing a stable phosphoric acid ester. The end result is that
acetylcholine’s synaptic concentration will quickly exceed healthy limits and
death quickly follows. If atropine is administered in time, the postsynaptic
membrane receptors will not be overactivated since the alkaloid competes with
the high concentration of neurotransmitter within the synapse. In Israel, part
of the arsenal for defense of the civilian population includes the distribution of
self-injecting atropine syringes and gas masks.

The drug can be crystallized from D,O to afford sesquihydrate (1.5H,0O) salt
crystals (260) [173]. Single-crystal X-ray diffraction shows a compact conforma-
tion where the sesquihydrate’s tropate ester phenyl ring resides underneath the
scopine amino-alcohol bicyclic ring (13.9° O(oxirane)—O(alkoxy)-C(a)-C(ipso)
torsion angle); see 260. In contrast, crystallization of the same hydrobromide salt
from ethanol under acetone vapor diffusion yields conformationally pseudopoly-
morphic anhydrate crystals (Refcode JAYZEO, 261) [174]. The dispositions of the
more- and less-polar subunits are reversed in this extended geometry conforma-
tion (141.5° O(oxirane)--O(alkoxy)---C(a)—C(ipso) torsion angle, 261) [174]. Now,
the more polar methylol is beneath the scopine bicycle.
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Cross polarization has already been discussed regarding solid-state CP/MAS
(cross polarization/magic angle spinning) NMR of crystalline Platonic solid-
geometry spherical hydrocarbons. A few words will now be provided to
understand MAS. Quantum mechanical relationships regarding line-broadening
involve a “geometrical factor” (3cos’0—1) =0 forarccos?(1/3), that is, the
0 = 54.73561° “magic angle” of physics. It is important since for solid-state NMR
spectroscopy to afford useful relatively narrow linewidth signals, special tech-
niques were developed to reduce (i) severe dipolar line-broadening originating
from magnetic dipole—dipole interactions between neighboring magnetic nuclei
and (ii) chemical shift anisotropy (CSA) line-broadening arising from differ-
ent noneffectively averaged orientations of a magnetic nucleus relative to the
spectrometer’s magnet field. Brownian motion causes rapid isotropic molecular
tumbling in nonviscous solutions to average out the geometric factor to zero.
However, this is clearly not the case for solid samples. The aforementioned
problems are “theoretically” solved when a 2 cm high-zirconia ceramic plastic
turbine-capped rotor is dropped into the spectrometer’s cushioned probe-head
bottom and then mechanically tilted to magnetic field’s magic angle. The fly in
the ointment is that the magic angle orientation holds only for those relatively
few nuclei residing on the central axis of about 1.6—4 mm diameter rotor. Since
the vast majority of nuclei are off-axis, they have to be positionally time-averaged
to this value via rapid spinning of the rotor on an almost-frictionless air-cushion.
Unfortunately, state-of-the-art technology is unable to spin the rotor fast enough
to effectively time-average out the dipolar interactions, although it does do a
reasonable job on the CSA line-broadening. As we will see later on, the small
degree residual friction between the spinning rotor and the antenna coils also
contributes to the problem as well as heating the sample. Heteronuclear X —'H
dipolar interactions are somewhat eliminated by high-power broadband proton
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decoupling (if it is efficient enough). Unless very special techniques are used
(e.g., CRAMPS (Combined RotAtion and Multiple Pulse Sequence) for 'H),
homonuclear X-X dipolar interactions are negated since we only observe either
magnetic nuclei of very low natural abundance (e.g., the 1.1% '*C nucleus) or
those that usually lack homonuclear neighbors (i.e., solids with one 1°N, 3!P, 2°Si
nucleus within the molecule).

Due to the spatial differences in the scopolamine-HBr-anhydrate and 1.5H,O
HOCH,-Ca-C=0 segments, it is not a surprise that their *C CP/MAS
solid-state NMR spectra are markedly different [175]. The CH,OH methylol
carbon signals are unequivocally assigned by use of the solid-state CPPI [176]
(Cross Polarization/Polarization Inversion) spectral editing pulse-program.
Comparison of the CPPI “methylene carbon only” phase-inverted 262 top
plot (compact conformation) versus 263 top (extended conformation) shows a
4.0 ppm closer-to-TMS CH,OH dark gray signal in the former partial spectrum.
This enables a ready CH,OH signal assignment in *C CP/MAS solid-state NMR
aliphatic-C plots. The predictable change of chemical shift is the result of the
55.6° synclinal HO—CH,-Ca—-C=0 torsion angle (in extended conformation
261) closing to a 15.7° synperiplanar value for compact conformation 260. This
well-known y-gauche effect CP/MAS solid-state and solution-state 3C NMR
phenomenon involves a shift of 6., and 6y closer-to-TMS upon closing torsion
angle C,—C;~C,—Cy. Note: liquid TMS is obviously not the internal spectral
reference compound in solid-state 1*C CP/MAS NMR (it would leak out of the
plastic turbine cap under MAS and damage the probe head’s antenna coils).
Instead, a secondary external (i.e., not in the sample) spectral reference glycine
a-crystal form 6-_ 173.06 signal is used for calibration.

Dissolution of either the anhydrate or 1.5H,O salt in high or in low dielectric
solvents (D, O and CD, Cl,, respectively) shows a fast conformational equilibrium
at the NMR FEL (fast exchange limit) timescale irrespective of solvent [177]. The
disparate methylol solution-state DEPT-135 inverted-methylene 3*C chemical
shifts compare nicely to the corresponding solid-state CPPI chemical shifts from
samples of known conformational structure. Therefore, using solid-state 8¢y, oy
chemical shifts as conformational markers, one can deconvolute the solution-
state weighted time-averaged Scy oy chemical shifts in terms of a particular
solvent-dependent preferred solvated conformation. Changing from CD,ClI, to
D,O affords a 4.2 ppm y-gauche effect for the axial N-methyl diastereomers
that is exactly the same as the 4.0 ppm value observed in solid-state CP/MAS
aliphatic-C plots 262, 263. The scopine amino-alcohol’s C(3) alkoxy & 63.9(4)
(solid-state) and 6 63.2(8) (solution-state) carbon peak is used as an internal ref-
erence for the comparisons. The solution-state 8¢y o averaged values strongly
suggest that the extended conformation predominates in CD,Cl,, while the
compact conformation is favored in D, O. This interpretation is quite reasonable
since the extended conformation’s more polar CH,OH is tucked underneath
the bicyclic moiety (i.e., making it less solvent-exposed), whereby the less polar
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phenyl’s two exposed sides are solvated by the low dielectric constant CD,Cl,
solvent [175]. Similarly, the compact conformation’s less polar phenyl ring resides
beneath the bicyclic entity so that only one side is solvent-exposed. As a result,
the higher dielectric constant D,O solvent can surround the polar CH,OH
hydroxyl. Location of less polar moieties within a molecule’s interior while more
polar groups reside on the periphery (so that they can be efficiently solvated)
is a well-known structural phenomenon and is called a hydrophobic collapse
in biochemistry. It is the reason why the less polar bases of polynucleotide
duplexes are stacked in the interior while the phosphate anions are found on the
double-helix’s exterior.

There happens to be another important difference in the CP/MAS spectra of
the two conformational pseudopolymorphic forms of scopolamine-HBr (see plot
264) and HCl salts. The compact conformation’s aromatic ring immobility within
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the crystal lattice of HBr-1.5H,O (and in that of the HCl-hydrate, and its metho-
bromide anhydrate quaternary ammonium salt, Refcode KEYWEQ) is clearly
implied by observation of signals from all six phenyl carbon nuclei [175]. On the
other hand, only two sharp C(ipso or quat.) and C(para) carbon signals are found
for extended conformations of HBr-anhydrate (see plot 265), HCl anhydrate,
and the equatorial N-n-butylbromide-methanol adduct (antispasmodic drug
“Buscopan®, Refcode BHYOSM [178], see plot 266). It is not an accident
that the two sharp peaks involve nuclei on the C(ipso)-C(a) rotation axis (a
nonsymmetry axis). The broadened hump for off-axis C(ortho and meta) in
plots 265, 266 results from a z-flip and clearly points to mobile phenyl rings in
the extended conformation’s crystal lattice. The temperature-dependent z-flip
kinetic phenomenon involves a phenyl-ring side-exchange via a rapid 180° flip
about the C(a)—-C(ipso) axis, followed by a rest period, and then another rapid
180° flip, and so on. Obviously, the observation of phenyl ring mobility for only
the extended conformation suggests that lattice constraints involving nearest
neighbors have been relaxed in this packing arrangement. Are there structural
features in the compact and extended conformations that can explain the absence
or the presence of a z-flip? Yes, the distance between the aromatic rings and
their nearest intermolecular proton neighbors differs in the two conformational
arrangements (2.5 A nearest neighbors in all the compact conformations versus
>3.0 A distances in all the extended conformations studied) [175]. The 2.5 A close
contact seems to be the cause of the compact conformation’s immobile phenyl
ring in the crystal lattice. On the other hand, a relatively small distance increment
of only 0.5A between the extended conformation’s aromatic ring face and its
nearest proton neighbors appears to be enough to enable a z-flip to proceed at a
solid-state NMR observable kinetic rate [175].

Cipso

wif

135 130 125 135 130 125 135 130 125
ppm ppm ppm
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Why isn’t the n-flip just a simple continuous rotation process as it is in solu-
tion? Answer: The nearest proton neighbors’ minimum 3.0 A distance is simply
too short to enable it to occur. So, how then does a n-flip occur? Believe it or not,
the extended conformation’s crystal lattice is dynamic at ambient temperature.
Periodically, it expands just enough to permit a phenyl ring to flip by 180° about the
C(a)-C(ipso) bond before it closes up. The amazing thing is that a n-flip involves
significant van der Waals contacts, highlighting the need for lattice deformations
to permit ring dynamics. This phenomenon is time-averaged over the entire vol-
ume of the crystal. Riddel and Rogerson [179] found that the CP/MAS-observed
n-flip free energy of activation at ambient temperature (293 K) was calculated to
be about 10.0 kcal mol ™.

Since an anhydrate and a sesquihydrate crystal form of (—)-scopolamine-HBr
were found, Glaser et al. [175] next considered which of the two (if any) were
approved by the United States Pharmacopeia. It was a surprise to see that a “trihy-
drate” form was listed for this drug. However, since the sesquihydrate was crystal-
lized by slow water evaporation, it was an enigma to understand how more water
could be incorporated into the lattice. One hypothesis could be that the “trihy-
drate” form was a kinetic crystal produced via a fast industrial crystallization,
while the sesquihydrate was the thermodynamic form. A visit to the Bethesda,
Maryland offices of the United States Pharmacopeial Convention did not bring
much clarification. The USP (founded in 1820) is the National Formulary and is
a nonprofit scientific organization originally set up by the industry to set stan-
dards for the identity, strength, quality, and purity of medicines, food ingredients,
and dietary supplements manufactured, distributed, and consumed in the United
States. The USP drug standards are enforced by the US Food and Drug Adminis-
tration. Products proven to meet the high standards bear the words U/SP-NF on
their labels.

‘When scopolamine-HBr was given as the reason for the visit, it was mentioned
that both the US and British Pharmacopeia regulatory agencies knew it to be prob-
lematic since Karl Fischer titrations to quantify trace amounts of water in standard
samples of scopolamine-HBr-3H,O show that the “trihydrate” contains less than
three molecules of water. The water content varied according to the air’s relative
humidity after the sealed metal containers were opened. At the time of the visit,
the USP water content [180] for scopolamine-HBr-3H,O was specified in terms of
a maximum permissible weight loss of 13.0% of its weight after drying at 105°C
for 3 h, and no lower limits for weight loss were stated. A recent web search [181]
shows that a preliminary drying stage (80 °C for 2 h) now precedes the drying at
105 °C for 3h. A USP maximum weight loss of 13.0% signifies that the anhydrate,
sesquihydrate, and trihydrate forms all meet the standard since the theoretical
weight loss upon drying would be 0.0%, 6.6%, and 12.3%.

Glaser et al. [175] used solid-state CP/MAS 13C NMR spectroscopy to show
that scopolamine-HBr-3H,O samples from two manufacturers consisted of mix-
tures of metastable pseudopolymorphic hydrated forms with a three-component
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ratio that varied from supplier to supplier. A 1:1:2 ratio of carbonyl signals of
(—)-scopolamine-HBr-3H,O EUP (European Union Pharmacopeia) produced by
Boehringer-Ingelheim GmbH, Germany, is depicted in the CP/MAS 13C NMR,
5.0 kHz sample spin-rate (Side band ELimination by Temporary Interruption
of the Chemical Shift (SELTICS)) 267 bottom plot versus the sole 5 171.8 C=0
signal found for the 1.5H,O crystal form (inverted plot 267-top). High-intensity
spinning side bands (an annoyance in solid-state NMR spectra measured at low
(e.g., 5.0kHz) rotor spin-rates) are removed by the SELTICS pulse-program. At a
5.0 kHz spin-rate, the spin-air cools the rotor’s outer surface by —1.8 °C compared
to the 295 K temperature of a static rotor. Plot 268 bottom shows the same three
carbonyl signals in a 1:1:1 ratio measured from a (—)-scopolamine-HBr-3H,O
sample produced by Phytex PTY, Australia (with the Boehringer-Ingelheim sam-
ple as an inverted plot above it) [175].

T
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267 268

Spectra of the same two samples were then measured at an increased rotor
spin-rate (11.5kHz) by the Variable Amplitude Cross Polarization (VACP)
pulse-program. Surprisingly, intensities to the left of the & 171.8 “1.5H,0
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crystal form peak” in the spectra decreased by about half to afford new ratios
of 1:1:4 (plot 269, Boehringer-Ingelheim) and 1:1:2 (plot 270, Phytex).
While only carbonyl region partial spectra have been illustrated to save
space, it should be obvious that the remaining regions of the spectra also
changed. Further increase of spin-rate to 13.5kHz afforded only the 6 171.8
“1.5H,0 crystal form’s single C=0 peak for both Boehringer-Ingelheim (plot
271) and Phytex (plot 272) samples. These experiments testify to the fact that
two of the components of (—)-scopolamine-HBr-3H,O appear to be metastable
hydrated crystals while the third partner is the thermodynamically stable 1.5H,O
[175].
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What would you do next? Probably, lower the spin-rate back down to 5.0 kHz
to see if the three components are regenerated. An immediate decrease of spin-
rate to 5.0 kHz affords spectra with signals from only the thermodynamically sta-
ble sesquihydrate form for both the Boehringer-Ingelheim (plot 273) and Phy-
tex (plot 274) samples. Only 1.5H,0 signals were still seen after one full day of
storage within the capped rotor. Forty-three days elapsed during which the sam-
ples were stored in their capped rotors at room temperature. The ternary mix-
ture of pseudopolymorphic hydrated forms of (—)-scopolamine-HBr-3H,O was
regenerated sometime during this storage period, for example, see the Boehringer-
Ingelheim 43-day storage sample’s plot 275. Plot 276 shows a decrease in the two
non-1.5H,0 pseudopolymorphic hydrates after 17 months of ambient tempera-
ture storage in a half-filled 1 dram vial [175]. The partially filled vial was then left
onashelfin the Beer-Sheva laboratory for 3 years (in the relatively dry atmosphere
of the Negev Desert). A rotor was filled, and the spectrum of the Boehringer-
Ingelheim trihydrate sample was found to have signals arising from only the stable
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sesquihydrate form of the drug. Negev (“Nakeb” in Arabic) means “to dry” in the
Hebrew language, the same word root as “to wipe something dry.”

W i Lo el

170 175 170 175 170 175 170

175
ppm ppm ppm ppm
(B.1.)-273 (Phytex)-274 (B.1.)-275 (B.1.)-276

It now remained to ascertain the mechanism for the disappearance of the two
metastable hydrated pseudopolymorphic forms in the “trihydrate” mixture. The
most likely explanation is that frictional heating of the rotor’s walls overcame the
cooling effect of the spin-air flow on the rotor surface. On the other hand, it is well
known that opening sample-filled rotors that were previously spun at high spin-
rates (12—-14 kHz) always showed a vortex formed by centripetal force pushing the
ground crystallites against the internal walls. This possible cause had to be elimi-
nated. Using a lead-nitrate-filled rotor (the so-called lead nitrate thermometer due
to the 6 297Pb linear dependence with temperature), the degree of internal sam-
ple heating at a spin-rate of 13.5 kHz was found to equal that of actually heating
the rotor to 313 K. The final experiment was to keep the spin-rate at only 5.0 kHz
(where the spin-air ordinarily cools the rotor surface to —1.8 °C lower than the
temperature of a static rotor at 295 K) and then set the calibrated variable temper-
ature unit to 313 K, see plot 277.

It was now nicely illustrated that two of the trihydrate’s metastable hydrated
components disappear due to frictional heating of the rotor that overcomes the
effect of spin-air cooling. This observation has important implications to spectro-
scopists performing CP/MAS NMR spectral analysis to characterize the polymor-
phic form of crystalline drugs as either the granular API (active pharmaceutical
ingredient) or within tablets. At the time these experiments were undertaken, the
rotors could be heated but not cooled. Luckily, this situation has now been rec-
tified. Bottom line: if rotors spun at high spin-rates are not cooled to ambient
temperature, the frictionally heated sample might not represent the actual mate-
rial given in for analysis. In other words, the analyzed sample might turn out to be
an artifact that has little in common with the true sample.
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Structural insight into the problem of variable hydration was found by studying
the analogous (—)-scopolamine-HCl salts, which also exist in the anhydrate and
hydrated forms (like the HBr salts). As expected, the hydrochloride anhydrate
salt was found to exist in the extended conformation (Refcode KEYSOW) while
the pseudopolymorphic 1.67-hydrate shows the compact conformation (278, Ref-
code KEYTOX) [175]. A 1.67-hydrate means that statistically 33% of the eight
asymmetric units of the tetragonal system P42,2 space group crystal consist of
a dihydrate, while the remaining 66% contain a sesquihydrate in the asymmetric
unit [175]. In other words, for every 3 unit cells there are 24 asymmetric units,
and out of these, 8 statistically contain a diliydrate and 16 have a sesquihydrate.

(HCle1.67H,0)-278 (HBre1.5H,0)-279
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These two different asymmetric units are randomly distributed over all the unit
cells in a 2: 1 ratio. The net result is crystallographic space averaging to provide a
statistical 1.67H,O crystal.

Crystalline (—)-scopolamine-HBr-1.5H,0O (279) is isostructural in space filling
to the corresponding unit within the (—)-scopolamine-HCI-1.67H,O lattice. The
same can also be said about the corresponding pair of anhydrate crystals. By this
we mean that the molecular conformations and packing motifs are the same, but
the crystal dimensions differ due to the larger size of the bromide versus chlo-
ride anions. Two water molecules in the HCI-1.67H,O structure occupy special
positions of twofold rotational symmetry, see upper C, axis in 278. The chloride
anions participate in four hydrogen bonds as hydrogen-bond acceptors (a fourth
hydrogen bond to a neighboring methylol hydroxyl-proton has been deleted in the
drawing for simplicity). The water molecules appear in a diamond-shaped RZ(S)
ring hydrogen-bonding pattern graph set.

The thermodynamically stable HBr-1.5H,O crystal has two vacant hydrogen-
bond acceptor sites on C,-symmetry related bromide anions whose location and
void space are appropriate to receive an additional water molecule; see empty
box in 279. One can rationalize the relative lability of an extra water molecule
(with variable degrees of occupancy inside the box) since the bromide anions
already participated in three hydrogen bonds mentioned earlier. Occupancy of
a water molecule on a special position of C,-rotational symmetry means that
its stoichiometry is only one-half in the asymmetric unit. A word should be
mentioned about the general positioned full water molecule and its symmetry
related neighbor depicted on the bottom C, axis of the molecular graphic
278 and 279. The general positioned oxygen is located 2.81 A away from its
C,-symmetry related neighbor. Despite the fact that the intermolecular distance
appears to be quite reasonable for a hydrogen bond between the two water
molecules, the fact that the two donors are symmetry related would result in
both oxygen atoms simultaneously placing a proton toward their neighboring
oxygen acceptor. Since two protons cannot occupy the same space, it is obvious
that this hydrogen bond is weak. Isotropic and anisotropic displacement thermal
parameters describe the thermal motion of atoms in the crystal. At ambient
temperature, the isotropic equivalent displacement thermal parameter (B,y) of
the full water oxygen’s spherical thermal motion is about five times larger than
the mean value of all the other 22 nonhydrogen atoms (i.e., C, N, and O) in the
scopolamine cation skeleton [173]. In the original report of the X-ray crystal
structure of (—)-scopolamine-HBr by Peter Pauling (son of Linus Pauling, 1954
Nobel Laureate in Chemistry) and Petcher [182], the crystal was reported as only
a hemihydrate, most likely due to nonobservance of the large thermal motion
oxygen atom in the off-axis water [173]. Michel et al. [173] used thermogravi-
metric analysis to show that weight loss for the HBr-1.5H,O crystal occurred
in two stages: ~4% at 90°C (1.0-H,O generally positioned molecule) plus an
additional ~2% at 102°C (0.5-H,O specially positioned molecule). As already
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noted, the C,-axis special positioned hemihydrate H,O is much more tightly
hydrogen-bonded in the lattice. Its two protons are hydrogen-bond donors to
halide anions, while the oxygen is an acceptor to two *N—H protons (the second
symmetry related *N-H-O bond has been deleted from 279 for simplicity). In
conclusion, complete occupancy of the vacant site in 279 to produce the ring
hydrogen-bonding pattern would afford a dihydrate-HBr crystal. It remains to be
seen if adsorbed moisture is responsible for the hygroscopic dihydrate to appear
to show a “trihydrate-like” water content.

A word should be said about the desolvation of a solvate adduct (e.g., a hydrate)
crystal. The trihydrate samples (within tightly closed vials) were received as pow-
ders, which were carefully ground in a mortar and pestle. The desolvated trihy-
drate sample (i.e., now known to be the sesquihydrate) also consisted of a hard
crystalline powder, which was ground prior to rotor filling. Therefore, the des-
olvated crystals kept their crystalline integrity. Sometimes solvated crystals turn
into fluffy amorphous powders upon desolvation. There are channels and pores
in the lattice that will enable the solvent to pass through despite the mirror-like
appearance of the crystal’s faces. As a result, it is recommended to keep problem-
atic hydrated or solvate adduct single crystals under their mother liquor until the
crystallographer mounts them on a glass fiber. If the crystals are not robust enough
to keep their integrity when removed for a period of time from their mother liquor,
then the crystal can be wedged inside a glass or quartz sealed capillary, together
with a drop of mother liquor, and the orifice plugged with epoxy. The diffraction
will only arise from the crystal since the glass and epoxy are amorphous. A sec-
ond point to remember is that all crystalline solid-state NMR samples should be
carefully and gently ground in a small agate mortar and pestle prior to filling the
ceramic rotor to avoid local heating and possible sample change.
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NMR Spectroscopic Differentiation of Diastereomeric Isomers
Having Special Positions of Molecular Symmetry

13.1
NMR Anisochronism of Nuclei at Special Positions of Molecular Symmetry

Reinhoudt and coworkers [183] prepared supramolecular D;-(b,L-pair, chiral) and
C;,-symmetry (meso, achiral) diastereomeric dynamic assemblies (280 and 281,
respectively) consisting of six hydrogen-bonded barbiturates/cyanurates (color-
coded white) utilizing three (C,-symmetry 282 or C,-symmetry 283) color-coded
gray dimelamine-substituted calix[4]arene building blocks.

-— —
Calix[4]arene , Calix[4]arene Calix[4]arene
80 28

2

1

s Calix[4Jarene @/n Calix[4]ar e{: ::@S_.., _\
282 283

Reinhoudt referred to these esthetic self-assemblies as rosettes. The hydrogen-
bond assembly of one layer is depicted as 284, and its top-viewed R-group
clockwise tropicity (directionality) of the stereogenic element is shown by curved
arrows. Glaser (2000) (R. Glaser, unpublished results) has shown that it is
possible to unequivocally differentiate between these D;- and Cj;;,-symmetry
diastereomeric solvated rosette assemblies by 1*C NMR spectroscopy based upon
occupancy of either general or special positions of molecular symmetry. The
D,-symmetry chiral diastereomer had only pairs of nuclei occupying homotopic
general positions of molecular symmetry, while the C,;,-symmetry rosette had

Symmetry, Spectroscopy, and Crystallography: The Structural Nexus, First Edition. Robert Glaser.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
Companion Website: www.wiley.com/go/Glaser/Symmetry
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nuclei residing in the special position of mirror symmetry, which is the source of
the differentiation. For example, a C,-rotation axis passes through the interior of
chiral calix[4]arene 285 so that homotopically related (1,1), (2,2'), and (3,3’) pairs
of 13C nuclei reside between the two hydrogen-bonding arrays. On the other hand,
the two hydrogen-bonding arrays in the C;,-symmetry meso diastereomer 286 are
enantiotopically related. Thus, generally positioned nuclei in the upper array have
a corresponding enantiotopic partner within lower one. But now, diastereotopic
(1,4), (2,5), and (3,6) pairs of calix[4]arene nuclei reside upon the reflection special
position itself. As a result, the *C{!H} NMR spectrum meso compound contains
more anisochronous signals than in that measured from the Dp,L-pair.
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13.2
Pattern Recognition: A Graphical Approach to Deciphering Multiplet Patterns

The following method enables an NMR user to derive the proton-proton
vicinal coupling constants (3/,y) in complex multiplets (R. Glaser, unpublished
results). What is a complex multiplet? Complex multiplets are those that exhibit
multiple-intensity peaks, which result in correspondingly less lines/multiplets
than expected for the spin system. Sounds complicated, but this will be explained
quite soon. But, first we should ask: “Why bother to decipher this multiplet
pattern?” We could say, “it is fun to solve puzzles, and the harder, the better.”
But seriously, the answer is that the magnitudes of the vicinal coupling constants
provide important information about the conformation of a solution-state
molecular segment, see the Karplus relationship 107 [73]. We will later see that
under some circumstances, the actual numerical value can be calculated for a
dihedral angle in a solvated molecule (and thus we know its stereochemistry, i.e.,
local conformation).

Symmetry-equivalent nuclei do not exhibit signals showing mutual /-coupling.
We have already seen that this is only true for two symmetry-equivalent nuclei
that are magnetically equivalent (isogamous) to a third nucleus (see 185 and 186).
However, fortunately, magnetic equivalence is usually not a problem in our spec-
tra. Symmetry equivalence (or lack thereof) within the set of neighboring nuclei
covalently bound to a particular nucleus plays an important role in the /-coupling
patterns (multiplets) in NMR spectra. The most simple multiplets are composed
of nonoverlapping peaks (all of which have the same unit-intensity value). It is a
very trivial task to recognize the patterns in these multiplets and then measure
the coupling constants numerous times. Why do we want to measure the cou-
pling constants “numerous times”? Most of us work daily with instruments that
produce numbers, and every scientist should know the precision of the numerical
value, that is, the estimated standard deviation of the last digit (esd or the number
of significant digits). Why? We always should know when two “different” numbers
are really statistically “the same.” Don’t be fooled by the number of digits of the
chemical shift or frequency printout on the NMR spectrometer. It was probably
arbitrarily set by the last operator.

Fortunately, analyzing complex multiplet patterns follows some simple and
logical rules. These rules are based on the principles of pattern recognition. As the
number of spins in a spin-system increases, the chance of observing overlapping
peaks also increases. We will later see that these multiple-intensity peaks often
arise by chance from the sum of two or more different coupling constants rather
than from symmetry-equivalent nuclei. In addition, there is a digital resolution
problem that can result in two close frequency tramnsitions becoming either
nonresolved or only partially resolved (and hence slightly broadened). In many
articles and books, the reader will find deconvolution of a complex multiplet that
is illustrated by a series of inverted funnels relating two nonadjacent transitions.
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Understanding the construction of that multiplet becomes a trivial task due to
these inverted funnels. But it is much more difficult to start with a complex mul-
tiplet of unknown pattern composition and to “figure things out from scratch.”
The more difficult the puzzle appears, the more satisfaction you will later derive
when you finally “unravel the secret” by rational thought. Of course, there are
NMR experiments we can perform to simplify complex multiplets. The most
basic experiment to do is to perform a series of Homonuclear Decoupling (HD)
experiments of the nuclei in the sample. HD involves using an radio frequency
(RF) transmitter during the data acquisition period of about 37, time periods. A
nucleus in a through-bond spin system is irradiated to cause an equal population
of its spin states. This effectively removes it from the spin system, and the other
multiplets in the system become simplified. There are even very low-power
nuclear Overhauser effect (NOE) experiments that simplify overlapping multiplet
signals from two heterotopic nuclei within different parts of the molecule. This
is performed by very gently (extremely low power) irradiating only one of the
terminal peaks of the overlapped system and then repeating the process on the
other terminus.

For a one-spin system (i.e., no covalently bound neighbors), the number of
transitions in the multiplet pattern is obviously only one (a singlet). For a two-spin
system of covalently bound nuclei, the number of transitions is two for each
multiplet (a doublet); for a three-spin system, it is four for each multiplet, and
for a four-spin system, it is eight for each multiplet, and so on. Therefore, the
addition of a new spin neighbor to an existing spin system doubles the number of
transitions/multiplets. This is true since the role of a coupling constant is to repeat
the entire pattern generated by all the smaller magnitude coupling constants
coming before it. If neighbors are symmetry equivalent, then their respective
coupling constants with a nonsymmetry-equivalent neighbor are degenerate (the
identical or exact frequency). /-coupling degeneracies result in ideal overlaps of
some of the transition frequencies arising from two or more symmetry-equivalent
J-values. For example, consider a three-spin system in which the A-nucleus
has two symmetry-equivalent X-neighbors (i.e., an AX, spin system). The two
neighboring symmetry-equivalent X-nuclei generate two degenerate /,y and
Jax: coupling constants, one for each X-nucleus.. The role of the second ]y’
coupling constant is to duplicate the arbitrarily chosen gray color-coded doublet
pattern from the first J , splitting by starting at the left-end of the gray doublet
shown in the A-multiplet pattern 287. Using this arbitrary starting point means
that transition 1 in the gray doublet is duplicated as new clear color-coded
transition 3 located at transition 2’s frequency that is exactly J ,x Hz from that of
transition 1. Since transition 2 is already resident at this frequency, there must
be a frequency degeneracy for both transitions 2, 3 (i.e., they exactly overlap to
afford double-intensity /ine 2). The second J ,x coupling constant now duplicates
transition 2 to become the new clear transition 4 that is located J,x Hz away
from transition 3. It now becomes single-intensity /ine 3 on the right-hand side



13.2  Pattern Recognition: A Graphical Approach to Deciphering Multiplet Patterns

of the pattern. In this manner, the well-known 1:2:1 triplet intensity pattern is
generated.

287 288

If the three-spin system has no symmetry-equivalent neighbors (i.e., AMX),
then the degeneracy is lifted, and there are four nonoverlapped transition fre-
quencies in a doublet-of-doublets four-line pattern (see 288). Why? There are
two different magnitude coupling constants (J ,; #J »x) since the M- and X-nuclei
are symmetry nonequivalent to nucleus-A. The smaller coupling constant (arbi-
trarily assigned as J ;) generates transition 2 that is J ,,; Hz from transition 1 to
produce the gray doublet in 288. Next, the larger J . duplicates transition 1 at
a frequency of / ,y Hz away from 1 to become transition 3 of the second pattern.
Nonsymmetry-equivalent coupling constants mean that thereis no J , ,; signal res-
ident at this new frequency, and thus, there is no overlap by the new J , , transition.
Finally, / ,x duplicates transition 2 at a frequency of J , x Hz away from 2 to become
the last transition 4 of the second pattern. As a result, all four transitions of the
pattern are observed with unit intensities, and each coupling constant can be mea-
sured twice (J 2 V4 — Vo and v — vy; Jax: v, — V3 and v, —v,), averaged, and the
esd of each pair of values may be calculated.

Similarly, in a four-spin system of the AX, type, there are three degenerate /, x
coupling constants (one of each of the three symmetry-equivalent X-neighbors).
As with the triplet, there is overlapping of transition frequencies [2, 3, 5] and also
[4, 6, 7], so that the eight transitions now comprise only four lines in an intensity
ratio of 1:3:3:1, that is, a quartet.

First-order multiplet patterns follow simple mathematical rules and are
amenable to analysis without recourse to time-consuming computer-generated
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iterated spectral simulations. One of the rules is that the v(a) — v(w) frequency
difference of a multiplet pattern (i.e., the difference between the first [v(a)] and
last [v(w)] frequencies) must equal the sum of all the coupling constants that
generate that particular coupling pattern.

Next, consider the case of an AFMX four-spin system in which all nuclei are
symmetry nonequivalent. Three variants for the A-part of an AFMX multiplet pat-
tern can be generated by three different magnitude coupling constants. We will
first assume J,y > (Jap +/ap) and J oy > J ap, variant 289. Similar to the case of
four-line pattern 288, multiplet analysis is trivial since there are no overlapping
transition frequencies. This analysis enables a structural chemist to use /-values
to ascertain geometric information concerning the spatial disposition of the nuclei
comprising the spin system: for example, dihedral angles between vicinal pro-
tons: H(A)-C(1)-C(2)-H(F), H(A)-C(1)-C(2)-H(M) in the solvated molecule
(according to the Karplus relationship [73] 107). The gray four-line pattern in 289
(similar to 288) arises from J,p and J ;. A new transition 5 is generated by J,x
acting on transition 1 and places it at a distance of / , y Hz from 1. In a similar man-
ner, transitions 2, 3, 4 consecutively are duplicated by J ,x as new transitions 6, 7,
8. The ordering of the eight unit-intensity transitions is simply 1, 2, 3,4, 5, 6, 7, 8.

The second variant is that J,x & (Jxy +/ap) @and oy > Jap (see 290). This is
accidental since there is no symmetry constraint for /,y to be exactly equal to
(Jap +/am) and is only due to inadequate spectral resolution of two close fre-
quency transitions by the spectrometer. As aresult, there is an overlap of transition
4 from the gray four-line pattern with transition 5 of the new pattern. Careful

289 290 291
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inspection of the middle line (transitions 4, 5) will ascertain that it is broader
and not really double the intensity of the other six lines. The order of the eight
transitions in the seven lines is 1, 2, 3, [4, 5], 6, 7, 8 and their intensity ratio is
1:1:1:2:1:1:1.

Finally, there is the possibility that J,yx < (Jap +Jam) and J oy >/ ap; see 291
Now, the eight- transition pattern will show an inversion in the transition order of
the two middle transitions: 1, 2, 3, 5, 4, 6, 7, 8, since the second four-line pattern
begins before the first gray pattern ends. Once again there will be eight transitions
in eight lines of unit intensity.
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14
Stereochemistry of Medium Ring Conformations

14.1
A Short Primer on Medium Ring Stereochemistry

As discussed earlier, medium rings (8—12 members) differ from the common
rings (5—7) in that every saturated ring conformation suffers one or more close
contacts between protons pointing into the cycle’s interior (i.e., transannular
interactions). These are removed when substituting a CH, with oxygen. The
butano-bridged epimeric cyclononene derivatives cis-296 trans-297 (Refcodes
SUGHUZ and SUGJEL) [124] (I. Ergaz and R. Glaser, unpublished data) have
attractive (hydrogen-bonding) transannular interactions on one face and steric
(between black-colored protons) interactions on the other. While diastereomer
296 has two possible cis-fused ring-invertomer possibilities, only the one with
a gray equatorial CH, ligated to the starred epimeric carbon is stable. The
trans-fusion in epimer 297 engenders a rigid ring system.

-~
)
5 g

% P& <3

296 297

Symmetry, Spectroscopy, and Crystallography: The Structural Nexus, First Edition. Robert Glaser.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
Companion Website: www.wiley.com/go/Glaser/Symmetry
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Saturated medium rings are large enough for synclinal torsion angles to become
synperiplanar angles in the corresponding cis-cycloalkenes while causing minimal
change to the other endocyclic angles. What this means is that disregarding torsion
angles on either side of the double bond (and, of course, the double bond itself),
the twists of the other six bonds are minimally changed. Medium rings often con-
tain more than one synclinal torsion angle, and thus, any of them is a possible
candidate to be changed into a cis double bond (e.g., the twist-chair—boat TCB
cyclononane conformation 292 has three adjacent about 60° endocyclic torsion
angles). As a result, three different conformational types of TCB cyclononenes are
possible (type L, type 11, and type III). The conformational families of cyclononene
and their relationships to those of their saturated parents were discussed by Glaser
and coworkers [184]. Due to close similarity of saturated and unsaturated medium
ring geometries, the same commonly used saturated ring conformational descrip-
tors can also be assigned to the corresponding unsaturated rings [184].

The olefinic stereochemistry of cyclooctenes (the smallest of medium ring
cycloalkenes) is naturally cis, since its ring size is incompatible with a trans-olefinic
geometry (although trans-geometry transition states have been proposed). How-
ever, cyclononenes and higher medium rings may readily accommodate a trans
double bond (since greater than 100° endocyclic torsion angles are a common
feature in these larger medium rings). As a result, anticlinal (120°) torsion angles
in cyclononane, and higher homologues, can become antiperiplanar angles
in the corresponding stable trams-cycloalkenes while causing minimal change
to the other endocyclic angles. These trans-cycloalkenes may also be assigned
the same conformational descriptors as their saturated parents (G. Parvari and
R. Glaser, unpublished results). The flexibility of medium rings also results in
special stereochemical relationships. As opposed to cyclohexane, medium rings
are large enough so that partial ring-version (i.e., an atom flip to be discussed
later) may occur to only a segment of the ring while the remaining endocyclic
torsion angles are very minimally changed.

14.2
Assignment of Equatorial-/Axial-Substituent Descriptors to Rings of Any Size

We will soon perform a solution-state NMR study of a medium ring compound
whose structure has been determined by X-ray crystallography. Prior to this we
should discuss some basic concepts of medium ring stereochemistry. Medium
rings differ from the normal rings (five-, six-, and seven-member rings) in that
they all suffer, to one extent or another, from transannular interactions (steric or
electronic interactions) involving atoms across from each other in the ring. Why
is this? Medium ring conformations have protons pointing into the ring’s interior.
Nine-membered rings with one synperiplanar torsion angle constraint (i.e., cis-
cyclononenes) have 11 conformations and can be divided into seven archetypical
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families, some of which have multiple subtype members [184]. Before we assign
a solvated conformation based on solution-state 'H NMR vicinal coupling con-
stants, we should discuss Anet’s general definition of axial, equatorial, and related
terms for substituents of rings of any size [185].

The Anet [185] method is based only on the local environment around
the ring atom to which the substituent is ligated. Using either a molecular
model or one from X-ray crystallography, a midpoint (centroid, m) is drawn
between the two y ring atoms on either side of the R! or R? substituent (e.g.,
—-CH,CH,CR'R?*CH,CH,-). The bond lengths C-R' and C-R? are both set to
the same arbitrary value, for example, 1.1 A, and the two nonbonded distances
m—R! and m—R? are measured. A ratio of >1 of the two nonbonded distances is
calculated. If the ratio is equal to integer-1 by symmetry since the two substituents
are homotopic, then the two ring substituents are isoclinal. If the ratio is less
than about 1.05 (but not integer-1 by symmetry), then the two substituents
are nearly isoclinal. If the ratio is >0.05 but <1.1, then an equatorial or axial
determination can only be made in the most general manner. In this general
method, an equatorial or almost equatorial substituent has a longer m—R! or
m—R? distance, while an axial or almost axial partner has the shorter distance.
If the ratio is about 1.1-1.15, then the prefix pseudo should be affixed to the
descriptors equatorial and axial. Finally, if the ratio is >1.2, then equatorial and
axial descriptors can be assigned in the normally accepted manner.

To demonstrate Anet’s method, let us start with the Density Functional Theory
(B3LYP/6—-31 + G(d)) model of a C,-symmetry chiral twist-chair—boat (TCB)
[184] cyclononane conformation. This is the lowest energy conformation for
cyclononane. Inspect the endocyclic torsion angles in 292, and convince yourself
that there is a C,-axis. How do you know for sure? Answer: The torsion angles on
the left-hand side are exactly the same as those on the right. How do you know
where the C,-axis is located? The lowest carbon atom has the same adjacent
65.6° angles, so this means that the corresponding bonds are homotopic and the
axis bisects that atom. Now look at the —79.4° angle on the very top. The torsion
angle involving these central C—C atoms is unique, that is, it is the only bond that
does not have a homotopic partner, and therefore, the C,-axis must pass through
the bond’s midpoint (see 293). Now that you understand this, what would be
the torsion angle sign relationship between pairs of enantiotopic bonds? Answer:
Corresponding same magnitude bonds will have different signs.

Now look at structure 293. The R!- and R2-substituents are both isoclinal
(equally leaning or inclined) since the d(m—R')/d(m—-R?)=2.640 A/2.640 A =
integer-1, where d = distance. They are obviously Zomotopic symmetry-equivalent
protons. Structure 294 is oriented with the C,-axis directly pointing towards the
viewer. Visually it is clear that we cannot differentiate between the two dark gray
protons ligated to C(a) and C(5). Now look at the geminal protons on C(y), that is,
light and intermediate gray. They certainly have different orientations relative to
the ring. The intermediate-gray H(y) points into the ring interior (endo) while the
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lightest-gray proton is exo. Notice something else: the intermediate-gray-colored
protons on the two adjacent carbons have an antiperiplanar relationship, while
the lightest-gray proton pair is (+)-synclinal. This already gives you a visual
clue as to which one is equatorial and which is axial. Let us look at 295. Now,
d(m—R?)/d(m-R") =2.581/1.485 = 1.74, so R! is equatorial, while R? is axial.

)?Q\f;'\} ! e

14.3
NMR Structure Determination of Medium-Ring Solution-State Conformations

We will illustrate a solution-state NMR structure determination of a medium
ring (8—12 ring atoms) solvated structure since these cycles often have more
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than one low-energy conformational possibility. Crystalline N-desmethyl-2,6-
benzoxazonine-HCl (Refcode SUGJAH [124] (I. Ergaz and R. Glaser, unpublished
data)) has a TCB(type-III) [184] conformation 298. The diprotonated nitrogen
makes it a partially useful heuristic example since 3/(NH-CH) couplings (readily
observed in CD,Cl, solvent) provide a probe for the stereochemistry of the two
attached bonds. The molecule is the nine-membered N-desmethyl analogue of
the eight-membered nonnarcotic analgesic drug nefopam-HCI. The fact that the
structural chemist already knows that a nine-member benzoxazonine is being
studied means that he is not starting from zero when performing a solution-state
structure determination. The first step is to perform a molecular mechanics
stochastic (statistical) conformational search of the molecule. If there is an X-ray
crystal structure, this is always good starting conformation to generate a series of
models. A reader may ask “why bother with a solution-state structure determi-
nation if an X-ray crystal structure also exists?” Answer: The solvated molecule’s
environment is different than that in the solid state, and thus, its structure may
differ. Thus, it is “good science” to prove that the solvated conformation is either
the same or different from that in the crystal lattice.

298

An assumption is made that a protocol of NMR experiments has been
performed using a multitude of techniques: 'H, *C{'H} where {!H} means
broadband proton decoupled, DEPT-90, DEPT-135 (a spectral editing technique
to determine the number of protons ligated to each 13C), COSY-90 (*H-'H 2D
correlation based upon /y;;-couplings), HMQC (**C_onatea = H 2D correlation
based on direct 'J¢y;-couplings), HMBC (**Cgyyernary = H 2D correlation based
upon vicinal 3/ ;;-couplings), NOESY, and a series of homonuclear decoupling
(HD) experiments for each proton. From this data set, the assignment of all 13C
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signals, 'H multiplets, and J -couplings can unequivocally be made. In addition,
it should be ascertained that the 3Jax-ax and ?Jeg-eq values have the expected
about 11 and 2-3 Hz magnitudes characteristic of antiperiplanar and synclinal
vicinal protons at slow exchange. In other words, we are looking to determine the
predominant preferred conformation and not some unreal fast conformational
equilibrium time-averaged structure which does not exist in reality. While the
hybrid of a horse and a donkey is a mule, the appearance of a time-average
metaphorical ‘mule’ structure is an experimental artifact which depends on the
‘shutter speed’, so to say, of the experiment. In other words, there is no ‘mule’
present in the equilibrium, only the metaphorical ‘horse’ and ‘donkey’.

This structure determination is easier than it appears, since the presence of a
double bond in our calculated models enables us to assign the same atom label
descriptors to the nuclei as used for the crystalline-state 2,6-benzoxazonine
compound 298. If we were studying cyclononane, then it would not be obvious
where to begin our numbering. The C(3)/C(7) carbon termini of the segment
0(2)-C(3)-C(4)-C(5)-N(6)-C(?) are readily starting positions since the carbon
and proton nuclei at these positions have chemical shifts characteristic of the
electronegativities of their attached neighbors. The H(3), H(3"), H(7), and H(7’)
protons each exhibit only two 3/;;;; couplings involving vicinal partners on only
one side (as opposed to couplings with neighbors on both sides of each proton in
the segment’s interior).

From the data set, one finds that H(3ax) and H(7ax) have one antiperiplanar
relationship to a vicinal neighbor and one large magnitude (—12 to —15 Hz) rela-
tionship to a geminal partner, while H(4ax) and H(5ax) each have two antiperi-
planar relationships to their vicinal neighbors and one large magnitude coupling
to their geminal counterparts. Finally, one of the N(6) geminal protons has an
antiperiplanar relationship to its H(5ax) neighbor, while the other has an antiperi-
planar relationship to its H(7ax) partner. Therefore, the N(6) protons are isoclinal
and are assigned as 61 (cis to phenyl) and 62 (¢rans to phenyl) rather than axial
or equatorial descriptors. These axial assignments (based upon the antiperipla-
nar coupling constants) are enough for us to examine our collection of calculated
cyclononene structural models and eliminate all but one (or maximum two) con-
formational candidates. If there are two possibilities, these can usually be differ-
entiated via a set of Nuclear Overhauser Effect (NOE) experiments to determine
spatially close through-space neighbors. From experience with medium ring stere-
ochemistry, the intensity enhancements to particular multiplets will uniquely fit
only one hypothetical cyclononene model. The TCB (Type III) [184] calculated
cyclononene model nicely fits all the large magnitude antiperiplanar vicinal rela-
tionships suggested by the 3J-couplings in Table 14.1 [124] (L. Ergaz and R. Glaser,
unpublished data).

The next step is a more sophisticated double-check by Density Functional
Theory (DFT) B3LYP/6—-311 + g(2d,p) calculation of a geometry optimized model
of N-desmethyl 2,6-homonefopam cation in the TCB(type III) conformation
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and a vibrational frequency calculation to ascertain that all the frequencies
are positive (i.e., an important check that the model is at the bottom of the
potential energy well and not a nonsensical local minimum). Using the geometry
optimized input coordinates, a second DFT B3LYP/6—311 + g(2d,p) calculation
affords calculated total spin—spin Jy;; couplings. These should nicely agree
with our experimental values, although the calculated chemical shift values
usually leave a lot to be desired. Table 14.1 lists the /4 and J 4 Values for the
C(3)-C(4)-C(5)-N(6)—-C(7) covalent bond segment [124] (L. Ergaz and R. Glaser,
unpublished data).

The agreement between the /.,y and the J 4 values from a bona fide TCB
(type III) conformation calculated model is excellent, confirming that in this
particular case, the solid- and CD,Cl, solution-state conformations are indeed
the same. However, since the two environments are not symmetry equivalent,
we should determine the six endocyclic dihedral angles (6) that characterize the
solution-state structure by using Lambert’s dihedral angle relationship arccos

Table 14.1  J .,y and J ¢4 for the CD,Cl, solution-state twist-chair-boat (type Ill) confor-
mation of the N-desmethyl 2,6-benzoxazonine analogue of homonefopam; estimated stan-
dard deviation (esd) of the values is 0.2 Hz [124] (I. Ergaz and R. Glaser, unpublished data).
Jcaicq €cOmMes from a DFT B3LYP/6-311 +g(2d,p) NMR=spin-spin calculation.

H-H Jexptl (Hz) Jcalcd (Hz)
H(3ax—3eq) -11.6 -11.4
(3ax—4ax) 10.1 10.8
(3ax—4eq) 2.0 2.1
(3eq—4ax) 3.0 3.8
(3eq—4eq) 4.5 2.1
(4ax—4eq) -16.4 -16.3
(4ax—5ax) 10.0 10.5
(4ax—5eq) 2.1 1.2
(4eq—>5ax) <1 0.7
(4eq—>5eq) 6 6.3
(5ax—5eq) -12.8 —13.8
(bax—61) 9.2 10.2
(5ax—62) <1 0.7
(5eq—61) 2 0.8
(5eq—62) 6 5.6
(61-7ax) 5.0 6.0
(61-7eq) 1.2 0.3
(62-7ax) 8.7 7.1
(62-7eq) 5.6 6.6

(7ax—"7eq) -12.9 -11.8
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=[3/(4R + 2)]"/2, where R = [*] (5ax6ax) + 3] (5eq6eq)]/[*] (5ax6eq) + 3] (5eq6ax))
[186]. Since the estimated standard deviation (esd) of the ],y values is 0.2 Hz,
we will also calculate the esd of the 6,y solution-state values. This is done
by calculating R, to afford 0}, max via addition of the 2 0.2Hz esd to the
numerator’s 3/ value sum and subtraction of the 2 x 0.2 Hz esd values from the
denominator’s 3/ value sum. Similarly, one can calculate R, to give 8 expumin
(subtraction of the esd from the numerator’s 3/ value sum, and addition of the
esd values to the denominator’s 3/ value sum). Table 14.2 provides a comparison
of the 0, solution-state, 0y_,,, X-ray crystallographic solid-state, 6,4, and
0 prr values [124] (1. Ergaz and R. Glaser, unpublished data).

Therefore, despite different environmental conditions of the measurements,
the NMR determined set of four adjacent solution-state 0y, dihedral angles is
completely consistent with the 0., values in the TCB (type III) conformational
model of crystalline N-desmethyl 2,6-benzoxazonine as well as with those in
the DFT calculated model. Are the 0y, values superior to 6.,,q? No, since
the molecule’s surroundings differ from one model to another. One describes a
solvated molecule, another is based upon a molecule resident within a crystal
lattice, while the DFT calculations consider a nonvibrating isolated molecule
at the bottom of a potential energy well. In summary, consider the power of
Lambert’s method. It enables us to ascertain conformationally characteristic
dihedral angles in solvated molecules! Furthermore, NOE-difference experi-
ments to probe close-by through-space nuclei also help to prove the structural
hypothesis.

As we already asked, if we already know the X-ray determined crystal structure,
then why bother to determine the solution-state conformation? Answer: There are
many instances of conformational change when crystals are dissolved in solvents
of one dielectric constant or another. For example, the twist-boat—chair (TBC)
conformation was observed by X-ray crystallography for 2,6-benzoxazonine-
di(N-methyl)-Iodide 299 or chloride-dihydrate quaternary ammonium salts

Table 14.2 Comparison of HJeXPH solution-state, HX_myX-ray crystallographic solid-state,
0 1oFTcalcdr @aNd Oppr dihedral angles calculated for the twist-chair-boat (type lll) conforma-
tion of N-desmethyl 2,6-benzoxazonine within different environments [124] (I. Ergaz and
R. Glaser, unpublished data).

Dihedral angle’ 0 (0) ejexptl GJDFTcach ex-my eDFT
0(2)-C(3)-C(4)-C(5) 62(2) 58 75 67
C(3)-C(4)-C(5)-N(6) 69(2) 74 88 81
C(4)-C(5)-N(6)-C(7) 69(2) 75 73 80

C(5)-N(6)-C(7)-C(13) 42(2) 34 42 32
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analogues (Refcodes SUGHIN and SUGHE]) [124] (I. Ergaz and R. Glaser, unpub-
lished data). On the other hand, NMR structure determination of the two solvated
molecules clearly shows both to exist in the same TCB-III conformation as that
observed for solvated N-methyl tertiary ammonium hemitartrate salt (Refcode
YIPSEV [187]) and the N-desmethyl secondary ammonium salt (298) discussed
earlier. The 132° value for gray torsion C(1)-O-C(3)-C(4) angle in the TCB-III
DFT model of solvated-300 dramatically closes to 65° in crystalline-299 and
results in solid-state CP/MAS NMR showing a very large 11.4 ppm closer-to-TMS
y-gauche effect for benzhydrylic C(1) compared to that value in the solution-state
spectrum. Further verification of the new solvated TCB-III structure comes from
NOE intensity enhancements shown in 300. Bottom line: dissolution of TBC
299 crystals enables them to undergo interconversion into a solvated TCB-III
conformation via a series of consecutive (and nonconcerted) flips and twists
[124] (L. Ergaz and R. Glaser, unpublished data). The reasons for this remain to be
proved. Both conformations are low energy structures since this is what Nature
prefers. Since the TCB-III of the quaternary ammonium salt is unequivocally
found in solution, it thus appears that it is more efficiently solvated than the TBC
conformation.

14.4
Dynamic Disorder in Crystals

We have already discussed static disorder in crystals. The partial occupancy of the
additional water molecule in scopolamine-hydrochloride-1.67H,O (278) was an
example of this type of disorder. In this particular case, the void space was both
large enough and nonspecific enough to enable a third water molecule to reside
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at an additional site on the same twofold rotational symmetry special position
as the more strongly bound hemihydrate water beneath it. Space filling at this
extra site in the special position was stochastic (statistically random) since the total
water content may vary from one data crystal to another. These partial occupancy
crystals are usually kinetic crystals and suffer from lack of long-term stability since
the third water molecule is very weakly held in this particular case.

We now consider a P2,/c space group crystal whose one asymmetric unit
contains only one eight-membered ring molecule, but a segment of that ring
structure continually undergoes a rapid atom flip (half ring-inversion) in the solid
state. In this particular case to be discussed, methohalide quaternary ammonium
salts of the nonnarcotic analgesic drug nefopam undergo a medium-ring atom-flip
dynamic interconversion from a more compact boat—boat (BB, 300) conforma-
tion to a slightly more extended twist-chair—chair (TCC, 301) arrangement. This
is a common conformational interconversion mechanism for medium rings.

It will be shown that intermolecular distances between two close adjacent 2, -
screw rotation-related rings are modulated by the volume of the Cl~ or Br~ or
I~ spherical counter anions laterally pushing their two cationic neighbors apart.
Therefore, since the BB/TCC conformations are close in energy, the occupancy
factor of the more extended conformer is augmented as the halide anion’s van der
Waals radii increase from 1.80(5) A [C17], to 1.91(4) A [Br~] and then to 2.07(5) A
[I7]. This lattice expansion is also observed as a function of increasing measure-
ment temperature. In other words, the occupancy factors of two approximately
equal energy interconverting diastereomeric conformations are lattice void size
dependent.

In the case of primary, secondary, and tertiary ammonium ions, hydrogen bonds
(e.g., N*—H-CI~) immobilize the N*—H bond’s tropicity since the NH proton is
disposed toward the anion. Interconversion of axial, equatorial N*—H bond ori-
entations (commensurate with the atom-flip mechanism) cannot occur for N-
protonated ammonium cations since the counter anion resides at a particular
lattice location. Obviously, this directional constraint is absent in crystalline gem-
N,N-dimethyl quaternary ammonium salts. Under the appropriate packing con-
ditions, the resulting positional freedom enables the N-methyl and proton sub-
stituents two bonds away from the flipping atom to interchange their axial, equa-
torial orientations concomitant with the conrotatory twisting of methylene C(4)
about its adjacent lateral C(3)-C(4) and C(4)-*N(5) bonds (compare the syn-
chronous movements in 301 and 302). The axial, equatorial dispositions of the
flipping atom are also inverted. Notice that the Hax—Hax proton pair in 301
becomes a Heq—Hegq pair in 302. Should we be surprised? No, this is exactly
what happens in cyclohexane ring-inversion, and medium ring atom flips are half
ring-inversions. Atom flipping is a conformational change that occurs to ring seg-
ments of two adjacent oppositely signed synclinal torsion angles. A characteristic
of medium ring atom flips is that adjacent (—)- - -(+)-synclinal torsion angles are
both inverted to (+)- - -(=), while all other endocyclic torsion angles remain the
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same. Should we be surprised? No, this is exactly what happens in cyclohexane
ring-inversion, and medium-ring atom flips are simply half ring-inversions.
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Fortuitously, nefopam methohalides, despite the different halide anions (Cl-,
Br~, and I7), all crystallized in the same P2,/c monoclinic system space group
and with the same isostructural packing motif. While this observation is not
uncommon, nevertheless it is not a given that it will occur once the anion is
changed. When the anion is too large (e.g. tetrafluoroborate) the nefopam quater-
nary ammonium salt can crystallize in a new space group. Figure 14.1 illustrates
2, screw rotation-related nefopam methohalide quaternary ammonium ions
separated by halide ions in crystal structures measured at 193 K. (a) Methiodide,
(b) methobromide, and (c) methochloride. The halide’s increasing van der Waals
spherical volume laterally pushes 2, -screw related adjacent cations further apart,
whereby the N*—N* distance increases from 6.54 A [Cl] to 6.87 A [Br] and
then to 7.35A [I]. These increasing N*—N* distances can be correlated with
increasing TCC occupancy factors measured at 193K: 0.000 [CI~], 0.039(5)
[Br~], and 0.343(5) [I"], where the TCC occupancy factor is the mole fraction of
electron density for that conformation in the lattice. From this it is apparent that
the 6.54 A N* —N* distance between the methochloride cations is just too short
to accommodate the slightly more extended TCC conformation. The dynamic
nature of this conformational disorder is readily apparent from the correlation
of increasing TCC occupancy factors with elevated measurement temperatures
of the same data crystal: 0.039(5) [193 K, Br~], 0.220(5) [293 K, Br~], 0.245(6)
[343K, Br], 0.343(5) [193K, I7], and 0.408(7) [293 K, I"]. Clearly a dynamic
process is occurring since a static disordered crystal’s occupancy factors are
temperature-invariant. It is important to stress that the same data crystal be
used for the variable temperature measurements to show that the disorder is
dynamic. Why? Since static conformationally disordered crystals are formed
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Figure 14.1 2, Screw rotation-related nefopam methohalide quaternary ammonium ions
separated by halide ions in crystal structures measured at 193 K. (a) methiodide, (b) metho-
bromide, and (c) methochloride.



14.4  Dynamic Disorder in Crystals

as the result of kinetic growth processes, their occupancy factors could vary
from crystal to crystal. One wants to negate the possibility that what looks like
temperature dependence is actually the result of different kinetic crystals used
for each temperature measurement.

It was hoped that an even larger counter-anion (e.g., BF;) might spread the
adjacent N*-atoms even further apart than for the case of the methiodide crystal.
However, the likelihood of this happening is low since Nature avoids large voids
in a lattice. Not surprisingly then, the molecule crystallized in a completely differ-
ent packing motif in the Cc monoclinic system space group with three boat—boat
conformation molecules in the 303 asymmetric unit (rather than have a larger
void in a P2, /c lattice). Based upon our prior observation that greater than 6.54 A

303
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N+ —N* distances are required for the TCC more extended conformation in the
series of methohalide isostructural crystals, 303’s corresponding 6.37 A N*- - -N*+
lateral distance is completely consistent with the sole appearance of the compact
boat—boat conformation (see 303).

Plot 304-bottom shows the aliphatic region of the solid-state CPMAS 3C NMR
spectrum of the nefopam methochloride immobile BB-conformation measured at
298 K. T, relaxation time constant values have been affixed to the peaks. Peak
assignments in *C{*H} liquid-state NMR spectra are usually trivial endeavors
with the help of data from DEPT-135/90 and HMQC/HMBC 2D correlation pulse
sequences. Fortunately, there exist some solid-state NMR variants of these useful
spectral editing experiments. The previously mentioned “methylene carbon only”
spectral edited CPPI [176] pulse program provides inverted phases for § 67.52,
66.50, and 58.51 signals; see plot 304-top (left). The artificially inverted spectral
editing NQS (Non-Quaternary and nonmethyl Suppression) partial spectrum in
plot 304-top (right) shows peaks from nonefficiently dipolar-relaxed *C methyl
and quaternary nuclei.

Therefore, the methyl, methylene, and methine proton-multiplicity of the car-
bons can readily be assigned in CP/MAS plot 304 on the basis of the aforemen-
tioned solid-state NMR spectral editing techniques. However, while the 6 58.51
chemical shift value is obviously consistent with the electronegativity of a '*CH,N
nucleus, one cannot unequivocally assign the close 6 67.52 and 66.50 peaks with-
out recourse to additional experiment.
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Fortunately, this is possible by performing spin-lattice relaxation time constant
(T;) measurement for each nucleus. Remember that T’ is kinetic time constant
number 1, and it measures the rebuilding rate of the Boltzmann distribution
between the a- and p-spin state populations. We also discussed the fact that
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T, time constants are notoriously long in solid-state NMR due to 13C’s obvious
inability to undergo thermal motion at their Larmor precession frequencies when
resident within a crystal lattice (compared to facile Brownian motion at these
frequencies in solution). On the other hand, methyl protons are not constrained
by near neighbors in the lattice during their very rapid staccato-like 120° flips
about the C-CH; bonds as they transit from one staggered conformation to
another. These rotating protons generate fluctuating local magnetic fields, which
relax nearby '3C neighbors. The closer a !*C-nucleus is from the spinning protons
of the two geminal methyl groups, the shorter is its 7, value. It is, therefore, no
surprise that the carbons closest to the spinning protons are the very 13Cmethyl
nuclei themselves. Their low about 0.1s 7, values are very characteristic of
solid-state methyl carbons (see 305). The vicinal C(4) [6 58.51] and C(6) [6 67.52]
carbons are the next closest to the spinning methyl protons (7', 29 and 37s,
respectively). The 81 and 375s T, values for the more distant methylene-C(3)
[6 66.50] and very remote methine-C(1) [6 86.02] now enable an unequivocal
assignment for the two close peaks (as well as for some of the benzo-carbons).

These assignments may now be utilized to interpret the following variable tem-
perature CP/MAS spectra of crystalline nefopam methobromide and methiodide
quaternary ammonium salts as further evidence for the crystallographically
observed C(4) atom-flip BB/TCC dynamic conformational interconversion.
Plot 306 depicts the nefopam methobromide (upper) and methiodide (lower)
CP/MAS 13C aliphatic region spectra recorded at 298 K. It is clear from the
broadened the BB/TCC C(4) signals that the measurement temperature is within
the fast magnetic site exchange broadening region. Lowering the temperature has
resulted in slow magnetic site exchange broadened C(4) MeBr signals (BB:TCC
about 5:1, 218K) and Mel resolved signals (BB:TCC about 1.5:1, 203 K); see
plot 307. Spectra were recorded by the author at the Max Planck Institute for
Polymer Chemistry, Mainz, Germany (R. Glaser, H.W. Speis, and G. Brunklaus,
unpublished results).



15
The Pharmacophore Method for Computer Assisted Drug
Design

15.1
The Pharmacophore, Neurotransmitters and Synapse

This section discusses two Computer-Assisted Molecular Modeling (CAMM)
techniques commonly used in the pharmaceutical industry for rational
drug design. One is the pharmacophore method and the second is crystal
structure—based molecular design. We discuss the first method now and the
second one in a later chapter. Similar to the terms “chromophore,” “fluorophore,”
and so on, a pharmacophore comprises those portions of the active pharma-
ceutical ingredient (API) responsible for its bioactivity. In other words, the
pharmacophore is a specific 3D arrangement of chemical groups common to
active molecules and essential for their specific biological activity. An API’s
internal skeleton is usually not exposed to a receptor’s interacting functional
groups, and hence, the scaffold’s prime function is to preposition the drug’s
essential peripheral parts for efficient interaction with the biological host. In
this manner, reuptake sites (308), receptors, or enzyme active sites react to the
drug’s periphery and functionalities as if they were those of the natural (ie.,
endogenous, “internally produced” within the body) agonist or substrate. One can
conclude that a radical change of skeleton may be made, and if the important
peripheral functionalities (e.g., ammonium ion, aromatic ring, carbonyl, carboxyl,
keto, hydroxyl, etc.) still remain in their bioactive conformation, then there is a
very high probability that the new compound will also be bioactive. Yet, since
it exhibits a novel skeleton, patent authorities consider the new molecule to be
innovative (i.e., a patentable invention).

To understand a neurotransmitter’s elementary biochemistry, let us begin with
an electric pulse traveling from right to left through neuron 1 (see schematic
diagram 308). It reaches the transporter site at the presynaptic membrane from
which the neurotransmitter is released into the synapse. Many (but certainly
not all) neurotransmitters are decarboxylated amino acids bearing hydroxylated
aromatic rings. Neurotransmitters (the endogenous agonists) binding to the
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postsynaptic membrane receptors induce a conformational change from the
silent- to the active-state. For example, this conformational change may open or
close an “ion gate” in neuron 2 that generates a new pulse of electric charge. In
addition, a quantity of neurotransmitter is reabsorbed back into reuptake sites on
the presynaptic membrane. These two absorption phenomena establish Nature’s
desirable steady-state neurotransmitter equilibrium concentration within the
synapse (see 308). The result is the appropriate level of neural kinetics required
for our body’s health and well-being.

Receptors _/ ﬂ Reuptake sites

Neuron 2 - Neuron 1

Synapse
308
Receptors / Reuptake sites
Neuron 2 >< : Neuron 1
Synapse
309

Due to disease, many neurological conditions cause either a deficit or a
surplus of a particular neurotransmitter within the synapse. Patients suffering
a neurotransmitter deficit will benefit from a selective reuptake inhibitor (SRI),
since the blocked reuptake site causes a net increase in the neurotransmitter’s
synaptic concentration (see 309). Patients afflicted by an overproduction of a
neurotransmitter will be aided by administration of a nonendogenous antagonist,
for example, atropine (at the acetylcholine receptor) or naloxone (at an opiate
receptor). Antagonists exhibit binding affinity to the receptor site but inhibit the
receptor from flipping into its active conformation. This may arise from steric
factors or improper charge distributions that differ from that of the agonist. The
geometrical and chemical requisites for auspicious binding affinity at each site
differ. Since neurotransmitters exist in multiple conformations, one low-energy
conformer has been bioengineered to fit the receptor site while another one
complements the reuptake site. Understanding the pharmacophore for each
site enables the pharmaceutical industry to produce nonendogenous agonists,
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antagonists, and reuptake blocker drugs, to treat an overproduction or deficit of a
neurotransmitter.

15.2
The Pharmacophore Method for Computer Assisted Drug Design

The quest for the pharmacophore begins with five or more drugs known to exhibit
high binding affinities and nanomolar concentration therapeutic activities at the
same biological site. The more the skeletal diversity, the better it is for the molecu-
lar design process. A great deal will not be learned if the structures are too similar.
One of the strengths of the pharmacophore method is that information about the
site and mechanism of action is quite often completely unknown. The underlying
premise is that drugs interacting at the same site must all be emulating a common
endogenous agonist in terms of their peripheral geometries and functional groups
required for site binding. The hypothesis that the drugs all interact at the same
site is very important prerequisite in pharmacophore discovery. If this premise is
untrue, then a quality answer will not be obtained, and the entire process will have
to be repeated.

There are usually a number of structural requisites composing a pharma-
cophore. This is mentioned since a particular drug within the “learning set”
need not mimic all of the biologically important pharmacophoric structural
features. Some drugs may mimic different regions and others may mimic
them all. This is why it is best that the set includes structurally and function-
ally diverse drugs when beginning the quest. These drugs either are in use
(i.e., known pharmacotherapeutic agents for other diseases) or are selected
from a library of proprietary and commercially purchased test compounds
via screening methods for a particular medical condition. If the drugs in the
study are rigid, then the task becomes relatively easy since it is now only up
to the modeler to decide how to superimpose them (sometimes not a trivial
choice).

The problem becomes challenging when the drugs are flexible. In this case, a
computer-driven conformational search is performed to generate a set of energy
accessible conformers of each drug. One has to always bear in mind that the low-
est energy conformer (called the global minimum energy structure) is often not
the bioactive conformer. Why is this so? The global minimum structure is usu-
ally “in-silica” (meaning resident within the computer’s silicon chip, that is, at the
bottom of the potential energy well and in the absence of neighbors). But the res-
idence conditions for the bioactive conformation in the body are different. The
guest’s interactions with the host often offset the slightly higher energy (e.g., usu-
ally within a window of <3 kcal from the global minimum) required for correct
juxtaposition between the guest and host. In this case, the binding energy that is
released “pays the price” of molding the guest into a somewhat higher energy form.
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On the other hand, there is a limit to just how high a price Nature is willing to pay
for good space filling and interactions. As the molecule approaches the active site,
long-range dipolar or electrostatic charge interaction forces will begin to shape
the molecule into the required bioactive conformation. Concurrently, as the guest
approaches the host, the host in turn will make some minor structural adjust-
ments to better receive its guest. This is the induced fit concept of gentle structural
perturbation between a lock and its key. As was said, it is the intermolecular inter-
action energy that pays for these perturbations. When the higher-energy guest
complexes with the host, it is replenished in solution at the expense of the global
minimum conformer (if the solution-state conformational equilibrium is rapid)
until all the host’s sites are populated. Once the pharmacophore is known, design
of a rigid conformational analogue permanently in the bioactive conformation
(i-e., a rigid conformational analogue) will markedly improve the drug candidate’s
potency.

Now that we have added the terms bioactive conformation and global minimum
to our vocabulary, a word about the main thrust of this book should be said. The
point to be stressed is that the solution-state NMR determined preferred con-
formations, the solid-state conformations (as found in conformationally polymor-
phic crystals), the bioactive conformations at a receptor or at a reuptake site, and
the global minimum computed conformation are all influenced by the molecule’s
surrounding neighbors. So, one often does not know what to expect when pre-
dicting the conformation in a new environment based upon our prior knowledge
of a known conformation within a different milieu (environment, setting, back-
ground, etc.).

Having said this, let us return to the pharmacophore quest and assume that the
conformational search has generated (within a window of about 4—5 kcal mol~!
above the global minimum) a file of 45 reasonable (i.e., energy accessible, not
super-strained) conformers of drug A, 61 for drug B, 83 for drug C, 29 for
drug D, and 54 for drug E. This means that within each of these five files there
exists one common pharmacophoric bioactive arrangement. In other words,
each set will contain one conformer where all or part of the pharmacophoric
functionalities are spatially the same in all five “learning set” drug candidates.
How do we know this to be true? Well, the drugs were specifically chosen
as they have high nanomolar activity at the same host site. This means that
when these drugs are administered to the patient, the host site “assumes” that
it is feeling the presence of its natural agonist. Algorithms exist to compare
individual structures in one file with each and every structure in all the other
files by artificial intelligence superimposition techniques. These are utilized
to ascertain a common single bioactive conformation within each of the sets.
When these programs are run, a centroid is located in the aromatic rings (if
there are any), and this is used in the superimposition. If there are NH protons
present (potential hydrogen-bonding donors), then a dummy acceptor atom is
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calculated in a straight line from the N—-H bond and 1.8 A away from the NH
proton.

15.3
Determination of the Dopamine Reuptake Site Pharmacophore

The determination of a first generation dopamine (DA) reuptake site pharma-
cophore will be illustrated in this section. (R)-(—)-Apomorphine (310, Refcode
FIKFIP) [188] and an N-methyl ergoline alkaloid skeletal nucleus (311, as in
ergotamine Refcode HICCUR) [189] are two known DA reuptake site inhibitors
(i.e., in other words, they increase the DA agonistic activity at the receptor). The
ergoline nucleus is the same rigid skeleton as found in the psychedelic drug,
lysergic acid diethylamide (LSD). These rigid molecules provide an easy entry
for elucidation of a DA reuptake inhibition first-generation pharmacophore.
Superimposition of the nitrogen atoms, N-methyl groups, and the aromatic
ring centroids in apomorphine 310 and N-methyl ergoline 327 provide a simple
pharmacophore (starred atoms in 312) for DA reuptake site inhibition. All
nonstarred atoms on the right-hand side of the molecules represent putative
(assumed) nonpharmacologically significant skeletal regions with spatial free-
dom and can be altered. Note: the empty space to the left of each molecule
in superimposition 312 is considered to be a possible steric barrier in the
host.
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The DA reuptake inhibitor pharmacophore hypothesis can be further elabo-
rated and refined as new information is acquired, and new highly active drug
molecules are incorporated into the structural hypothesis. In addition to the
5.0(2) A d(N*- - -Ar o) and 0.7(3) A d(N*-- “AT, a0 plane) distances, impor-
tant structural features of this initial pharmacophore also include the 12(7)°
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C(ipso) —Arepoia —NT angle and +176.6(7)° N*—C(a)—C(f)—Arpyoiq tOrsion
angle (see 313). An ammonium proton in both 310 and 311 suggests the existence
of a putative acceptor site x that may have hydrogen-bonding importance. Site x
is defined by three measurements: 2.8 A d(N* —x), 98(4)° Ary0iq— Nt — angle
and 50(12)° x* =Nt —C(ar) = Al opir0iq torsion angle (see 314).

Reuptake site steric barrier
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Conformational searches play an important role in the pharmacophore method.
The grid search method is systematic (it finds every possible conformation). It is
based on the number of theoretical conformational possibilities for single, double,
and triple bonds, for example, three staggered rotamers per Csp>—Csp® single-
bond, three single-bond rotamers for Csp3-Csp*(ortho-meta= ortho“meta’
edges), and six single-bond rotamers for Csp®~Csp?(ortho-meta # ortho“meta’
edges), and so on. However, increasing the number of bonds exponentially
increases the number of calculated structures, that is, this method soon becomes
too computationally intensive in terms of computer time. The more common
method is the stochastic (statistical) conformational search, which works with a
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random number generator to choose which bonds to rotate, which ring bonds
to break (followed by rotating the broken segment and then reforming the
bond), and so on. The premise is that if it does not find all the conformations
at least once, then at least it searched for them in a spatially unbiased manner
(i.e., it did not start from a preset particular end of the molecule and then
run out of time as it works toward the other end). The search works by the
very fast molecular mechanics approach and can generate hundreds (if not
thousands) of conformations per hour on a fast modern desktop multicore
computer. The energy minimization does not even have to reach the bottom
of the potential energy well, since a preset number of (let us say) 100 geometry
optimization steps for each structure will also suffice. Upper limits for calculated
energy have to be specified for a conformation’s inclusion into the learning
set. Search termination criteria are set by the operator, that is, a specified
number of calculations, or finding the same conformation “x” times, and so
on. The idea behind the latter criterion is that if the same conformation is
discovered a preset number times, then almost all the conformations should
have been found at least once. The output file is ordered in terms of increasing
energy structures, and enantiomeric duplicates can be removed if so desired.
At a second stage, the energy of the remaining structures in the previous
output file is completely minimized, and all those above a preset energy cut-off
upper limit are removed. Another function of the second energy minimization
is to remove all structures that are local minima, that is, artifacts, shallow
“wells” on the potential energy surface. A final candidate energy minimized
molecule should be subjected to a vibrational frequency calculation. One
negative frequency is enough to invalidate the structure as a nonsensical local
minimum.

154
Methylphenidate (Ritalin-HCl) and (—)-Cocaine-HCI

While in a crowded room, have you ever been able to concentrate on a rel-
atively faraway conversation in spite of all the background noise and din
around you? Many of us have developed the knack for doing this. How does
it work? We all have been bioengineered to filter out extraneous noise, for
example, the air conditioner fan, children’s play, baby crying, outside traffic
noise, and so on. This trait works reasonably well when we are healthy. What
is that? Some of “that” has to do with having the correct (bioengineered)
neurotransmitter concentrations in the synapses of our nervous system.
Before we progress with this topic, let us go back to bioengineering in the
human body.
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Let us face it, the world around us is anything but sterile. As a matter of
fact, if we examine our skin under a strong microscope we would undoubtedly
be shocked to see the creepy crawlies merry living in cohabitation with us
(and on us). Yet, most of us are healthy individuals despite the bacteria
and germs around us. Why? We have been bioengineered over the eons to
possess an effective immune system to efficiently cope with our nonsterile
environment. However, sometimes the immune system temporarily or per-
manently breaks down, and then the bacteria get us. Well, it is the same
with our central nervous system and mind. When the neurotransmitters
are present at their bioengineered concentrations of not too much nor not
too little, then we can take disappointment and stress (up to reasonable
amounts), the passing of loved ones, the filtering of background noise, and
so on, without jumping off the deep end. However, if a medical condition
develops where there is too much or too little of a neurotransmitter, then our
troubles begin. Not enough serotonin (315, also called 5-hydroxytryptamine,
5HT, Refcode SERHOX [190]) and stress can sometimes trigger deep depres-
sion. I am not talking about the ordinary sadness and the grief of losing
a loved one (which will eventually pass to some extent when the survivor
eventually realizes that life must go on). I am talking about anxiety, constant
pounding of the heart, deep depression, lack of will to do anything, and so
on. And yet, taking a selective serotonin reuptake inhibitor (SSRI) drug can
increase the amount of serotonin in the synapse by blocking its reuptake into
vesicles (reuptake sites) on the presynaptic membrane. Some well-known
SSRIs are Prozac® (fluoxetine, 316 Refcode FUDCOW [130]), Zoloft® (S,S-
sertraline, 317, conformational polymorphs Refcodes CAVVUO [191] and
WAKYEN [192]-predominant solution-state conformation [193]), Cipralex®
(S-escitalopram, 318 Refcode SETVUJ [194]), and so on. Now, a patient
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who suffers from a serotonin deficit will have more of the neurotransmitter in
the synapse to activate the receptors on the postsynaptic membrane. This SSRI
therapy may bring the patient back to good mental health at faster rate, and with
much less expense to themselves and society, than costly Freudian psychoanalysis
by a psychiatrist who really does not have the great amount of time required
to help us solve our problems. In addition, this psychotherapy requires the
patient to possess a certain degree of mental sophistication. However, a com-
bination of SSRI pharmacotherapy together with less expensive psychotherapy,
provided by a trained psychiatric nurse or psychologist, will be very synergistic
than just the drug alone.

Our generation is more cognizant of Attention Deficit Disorder (ADD) and
Attention Deficit Hyperactivity Disorder (ADHD) than those that preceded
us, although, without a doubt, these health problems did not suddenly develop
overnight in today’s society. They were there before, and the sufferers were
just known as “problem children” or “underachievers.” The primary pharma-
cological activity of ritalin-HCl (319, the active (2R,3R)-(+)-enantiomer of
threo-methylphenidate, Refcode WOGQAK [195] ethylphenidate-HCI) is to
block the reuptake of both DA (320 Refcode DOPAMNO1 [196]) and nore-
pinephrine (NE, 321 Refcode NADRHC [197]) at their respective presynaptic
membrane sites and thus increase the amount of these two neurotransmitters
in the synapse. Ritalin is also a psychostimulant since it increases the synaptic
concentration of DA. The result of this pharmacotherapy can be quite startling
in its marked benefit to the patient, although there is a penchant to over-
prescribe the medication, and it recently has shown a tendency for abuse at
exam time.
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A second-generation DA reuptake inhibition pharmacophore (322, 323)
is illustrated for ritalin. It should be mentioned that while ritalin blocks the
DA reuptake site, for it to be ADD/ADHD active, it must also block the NE
reuptake site (albeit to a lesser extent). In 1995, Froimowitz and coworkers
[198] performed conformational analyses on a series of potent DA reuptake
blockers, including (2R,3R)-methylphenidate and (—)-(2R,3S)-cocaine (the
natural enantiomer, 324, Refcode COCHCLO1 [199]). The laudable overlap
of the methoxycarbonyl ester functions of both molecules enabled them to
be incorporated into the pharmacophore (see superimposition 325, where
methylphenidate is colored gray and cocaine white) [198]. Methylphenidate’s
methoxycarbonyl ester plane intersects the aromatic plane at a dihedral angle of
106°.

15.5
Ritalin versus Cocaine: Binding Affinity and Inhibitory Concentration

It is important to stress that pharmacotherapeutic activity of many drugs (e.g.,
ritalin) results from the sum total of their concomitant interactions at more than
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one receptor (or reuptake sites in this case). The K; concentration (nM) is a mea-
sure of a test compound’s binding affinity to a particular biological site (i.e., the
presynaptic neurotransmitter’s reuptake sites in this case). In a reuptake compe-
tition experiment, K; is the concentration of a competing test ligand required to
displace a radioactive-labeled ligand bound to the reuptake site. The radioligand
in these assays is [2’I]RTI-55 (326), an '*’I-labeled cocaine-like psychostimu-
lant and a standard test ligand for reuptake site binding affinity studies. The ICs,
(half maximal inhibitory concentration, nanomolar) is an in-vitro measure of a
test compound’s effectiveness to cause 50% inhibition of a particular biological or
biochemical function (e.g., a reuptake site bound [*H]-labeled neurotransmitter,
[*H]DA or [*H]NE). The lower the IC, value, the lower the nanomolar concen-
tration of the competing test ligand (i.e., the drug candidate) required to displace
50% of the reuptake site bound [*H]-labeled neurotransmitter. It is comparable to
the EC,, that is, effective dose of an agonist that results in half-maximal activation
of a receptor. Having said this, let us compare ritalin with cocaine (and a third
drug candidate, which we will discuss later on); see Table 15.1. In our comparison,
we will use the following abbreviations: DA = dopamine, NE = norepinephrine,
[12°I]RTI-55 = 326.
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Table 15.1 Different pharmacotherapeutic profiles of (+)-threo-ritalin and (—)-cocaine.

DAK; NEK; DAIC,, NEIC,,
['2°1]RTI-55 ['251]RTI-55 [*HIDA [*HINE
binding binding uptake uptake
Drug (nM) (nM) (nM) (nM)
Ritalin 110+9 660 + 50 79+ 16 61+ 14
Cocaine 500 + 65 500+90 240 +15 210+ 30
iBu4ClIRit 7.8+1.1 230+30 8.2+2.1 120 +40

Data taken from Ref. [200].
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Remember, the lower the K; concentration value, the higher is a test compound’s
binding affinity to the DA reuptake site, and the lower the IC;, value, the more
effective is its inhibition of [*H]-DA reuptake at 50% of the reuptake sites. Anal-
ysis of the tabular data shows that methylphenidate’s binding affinity to the DA
reuptake site is 6x higher than it is to the respective NE reuptake site [200]. Since
ritalin’s affinity to the DA site is 590% higher than to the serotonin (5-HT) reup-
take site (data not shown in the table), the comparison shows that ritalin’s binding
affinity is primarily to the DA and NE reuptake sites, with a higher selectivity
for the DA site. Cocaine’s binding affinity to the DA reuptake site is the same as
it is to the NE reuptake site. A comparison of ritalin versus cocaine shows that
ritalin’s relative binding affinity to the DA reuptake site is 4.5X higher than that
of cocaine and 0.75X that of cocaine to the NE reuptake site. Thus, ritalin shows
higher binding affinity than cocaine for the DA reuptake site, but slightly lower
affinity than cocaine for the NE site. By comparison, the DA binding affinity of
an iBu-paraCl-ritalin (iBu4CIRit) analogue is 14.1X than ritalin. In addition, this
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new analogue exhibits more selective binding to the DA site than ritalin (29.5X)
stronger to DA than to NE. This new analogue will be discussed later on in more
detail.

Ritalin’s concentration for 50% inhibition of DA reuptake is 1.3x higher than
that for NE reuptake. Therefore, ritalin’s inhibition of DA reuptake is slightly
less efficient than for NE reuptake. On the other hand, cocaine’s concentration
for 50% inhibition of DA reuptake is only 1.14x higher than that for NE reup-
take. Comparing the two drugs together we see that ritalin’s relative ability to
inhibit DA reuptake is 3.0x higher than that of cocaine and is 3.4X higher than
cocaine for NE reuptake. Thus, cocaine inhibits both DA and NE reuptake to
approximately the same lower extent than ritalin. By comparison, DA reuptake
inhibition by the iBu4CIRit analogue is 9.5X than ritalin. In addition, this
analogue exhibits more selective reuptake inhibition at the DA site than ritalin
(14.6x stronger to DA than to NE and 59.8% stronger to DA than to 5-HT).
This data shows that the iBu4ClIRit analogue has a different pharmacological
profile than either ritalin itself or cocaine. It shows a higher binding affinity,
reuptake inhibition efficiency, and selectivity to the DA reuptake site than
do ritalin and cocaine. More will be said about this interesting compound
later on.

There are two reasons why the data are presented in this chapter. One will
be given now and the other later. Nowadays, there is a great deal of discussion
about the use/misuse of ritalin. Since we are discussing DA reuptake geometry
requirements of both ritalin and cocaine at the same time, it is important that the
reader realize that ritalin is NOT a cocaine mimic in its pharmacological activity.
The given table clearly shows that the binding profile and pharmacotherapeutic
activities of both drugs are very different. In other words, cocaine will not
alleviate the symptoms of ADD and ADHD only methylphenidate will do the
job. Bottom line: if our children are prescribed ritalin, then we do not have to
be concerned that their behavior will be similar to that resulting from cocaine
intake.

The pharmacophorically important groups of (—)-(2R,3S)-cocaine docked
within the DA reuptake pharmacophore are shown in 327. The fact that the
aromatic ring centroid of cocaine is 7.76 A distant from the ammonium nitrogen
(instead of ritalin’s 5.2 A) may account for the about 4.5x lower binding affinity
and 3.0x higher IC, values for cocaine at the DA reuptake site, compared
to corresponding values for ritalin. It is generally known that the more sites
occupied by a drug candidate in a pharmacophoric model (and in the natural
receptor or reuptake site), the more effective it will be and the lower dosage that
will be required for therapeutic activity. An important goal of the pharmaceutical
industry is to find a compound with nanomolar activity and very high specificity
to the site where it interacts. Why does decreased site-specificity result in
increased deleterious side effects? The natural agonist and receptor have been
bioengineered for a particularly good mutual fit. Nature often uses a basic
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low-energy structural motif (e.g., the seven transmembrane G-protein family
of receptors) and imparts specificity by incorporating minor changes into the
overall structure. The result is that families of receptors, enzymes, and so on,
that, while different, do share many common features. Since drugs are foreign
entities, as far as our bodies are concerned, they often fit into multiple sites with
varying degrees of success. Remember, Nature did not specifically bioengineer a
receptor for ritalin, cocaine, or for that matter tetrahydrocannabinol (cannabis),
and so on.
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15.6
Second Generation Pharmacophore: The Orientation of the NH Proton

Froimowitz and coworkers [198] proposed that the orientation of the ammonium
NH proton played an important role in the pharmacophore on the basis of the
superimposition of methylphenidate and cocaine. They stated that DA reuptake
inhibition required an equatorial NH proton disposition for methylphenidate and
an axial orientation for tropane skeletal analogues such as cocaine. The next step
in extending the DA reuptake inhibitor pharmacophore was played by Kozikowski
and coworkers [201, 202] when they experimentally confirmed the ammonium-
proton’s role in the inhibitory process using a pair of NH configurationally rigid
cocaine-like analogues: equatorial NH “front-bridged” 328 (Refcode PUNZAZ
[201]) and axial NH “back-bridged” 329 (Refcode VAZKIQ [202]). The front-
bridged 328 molecule with the fixed equatorial NH proton tropane analogue was
assayed as either the pure (+)- or (—)-enantiomer, and [*H]DA reuptake inhibition
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was found to be, respectively, 3.7x and 7X stronger than cocaine’s inhibition of
DA reuptake. This assay showed only a twofold difference in activity between the
(—=)-eutomer (more active enantiomer) and (+)-distomer (less active enantiomer).

p-Tol p-Tol

328 329

The real breakthrough for DA reuptake inhibition specificity versus the 5-HT
and NE sites came from the axial NH back-bridged analogue (329), which showed
190x (for DA) and 28X (for NE) relative inhibition activities versus that produced
by cocaine. Not only did these observations prove the importance of an axial NH
proton for the tropane nucleus, and an equatorial N-H proton for the piperi-
dine ring of methylphenidate, but they also showed the auspicious presence of an
n-butyl group; see pharmacophore model 330. Interestingly, the Kozikowski group
never mentioned the role of this function, which is almost an isostere (approxi-
mately the same steric volume) of methylphenidate’s C(=0)OCHj ester function
(see 329). Later on, the presence of the n-butyl group was to play a central role
in the development of highly specific dopamine reuptake inhibitors (SDRIs) for
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potential use as pharmacotherapeutic agents for the treatment of cocaine abuse.
An important point coming from the Kozikowski paper was their observations
that the DA reuptake site was blocked more by the axial NH back-bridged tropane
329 than by the equatorial NH front-bridged 328, and that NE reuptake site inhi-
bition was about the same for both 328 and 329. This finding of inhibitory strength
differentiation as a function of axial/equatorial N—H orientation was an impor-
tant step on the road to design an SDRI.

15.7
Avoidance of Adjacent Gauchet Gauche™ Interactions

Froimowitz et al. [195] predicted on the basis of their second generation pharma-
cophore 322, 323 that N-methylated methylphenidate would be less active than
the unsubstituted parent. They reasoned that the N-methyl would prefer a less
sterically demanding equatorial disposition and thus cause the NH to be axial
(i.e., the same unfavorable equatorial-position as in the front-bridged tropane
328). As such, it would be unable to point toward the putative hydrogen-bonding
acceptor site.

Using solution-state 'H and 3C NMR, Glaser, Deutsch, Froimowitz, and
coworkers [203] demonstrated the presence of two solvated N-methyl diastere-
omers at the slow exchange limit (SEL) in both high (D,0) and low (CD,Cl,)
dielectric solutions. The two threo-methylphenidate N-methyl diastereomers
in solution were found to be the equatorial N-methyl species (331) and its
N-configurationally different axial N-methyl epimeric partner (332). While an
equatorial N-methyl group in 331 is sterically favored for the parent N-methyl
piperidine skeleton, the presence of the nearby equatorial —CH(Ph)CO,CH,
function gives rise to sterically unfavorable opposite signed (+)-gauche
C(2)-C(3)-N(4)-C(methyl) and (—)-gauche C(carboxyl)-C(2)-C(3)-N(4)
(g*g™) torsion angles about the adjacent C(3)-C(4) and C(2)-C(3) bonds in 331.
Why? The N-C(methyl) and C(methine)—C(carbonyl) bonds are coplanar (i.e.,
they eclipse each other), and hence, the C(methyl)H and C(carbonyl) atoms are
spatially close.

The avoidance of these g*g~ steric interactions is a well-known structural
constraint utilized by Nature in natural product side chains to induce pre-
ferred conformations. This subject has been nicely reviewed and explained by
Rheinhard Hoffmann [204]. For example, the well-known sterically unfavorable
cis-1,3-diaxial interactions in disubstituted cyclohexanes result from adjacent
opposite-signed synclinal torsion angles (g*g~). Notice how symmetry enters into
these unfavorable g*g~ interactions, for example, an enantiotopic R, R substituent
pair on straight chain segment 333. Note the (+)-synclinal R—C(1)-C(2)-C(3)
and (—)-synclinal C(1)-C(2)-C(3)-R torsion angles (i.e., gtg™). Now, observe
the homotopic R,R’ pair of substituents on straight chain segment 334. In this
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more favorable arrangement, the presence of (+)-synclinal R-C(1)-C(2)-C(3)
and (+)-synclinal C(1)-C(2)-C(3)-R’ torsion angles (i.e., g*¢") avoids the R - - ‘R
close contacts present in 333. This is the reason why it is relatively rare to find
molecules in the crystal lattice occupying special positions of mirror symmetry
unless they are rigid (e.g., cis-1,2-disubstituted oxirane 88). Thus, while mirror
symmetry is commonly found between molecules in a crystal lattice, it is rarely
observed within eclipsed conformations.

An (eq-N-Me g*g~, 331):(ax-N-Me g*g* /g~ g™, 332) diastereomeric ratio was
found to be 87 : 13 in less polar CD,Cl, and 44 : 56 in the biologically relevant more
polar D,O. Can you figure out why what appears to be a less sterically favorable
g*g™ geometry is present in the CD,Cl, 87% major species, and why does its con-
centration drop down to 44% in D,0O? To figure this out, you should ask yourself
two questions. First, “what positive feature results from an equatorial disposition
for the N-methyl that enables it to be the major species in CD,Cl, with a dielectric
constant of ca. 9?” The second question is “why does its concentration decrease
to 44% in D,O (with a 9x higher dielectric constant of 80)?” The first thing to
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consider from the outlook of the piperidine ring’s axial protons is that an equato-
rial N-methyl is preferable to an axial epimer as was realized by the Froimowitz
group (for obvious reasons, as in the cyclohexanes) [200]. But there is the nearby
ester function to also consider. Look at the geometry of the carbonyl Csp? facing
the methyl protons. The carbonyl is flat, and that is very important. What do you
think would happen if that carbon’s hybridization was changed to a more bulky
sp®? Later on we will illustrate and discuss this further. OK, the next question to
ask is what do you know about the polarity of the carboxylate group? It’s relatively
polar, isn’t it? Which of the two solvents will more intimately solvate the carboxy-
late on both faces, CD,Cl, or D,O? Hint: consider the net solvated volume around
both faces of the flat carbonyl. So, now you figured it out. The carboxyl carbon
appears to have two water solvated faces, while the less polar CD,Cl, is happy to
primarily solvate the anti-to methyl face and let the methyl group block the syn-
face. This is another type of hydrophobic collapse phenomenon seen in globular
proteins.

15.8
Static Disorder in N-Methyl Ritalin Crystals

Static disorders have been discussed before (e.g., scopolamine-HCI-1.5H,0O
and scopolamine-HCI-2H,O statistically occupying the same asymmetric unit
position in a 2:1 ratio in the lattice to give a scopolamine-HCI-1.67H, O kinetic
crystal 278). In the N-methyl ritalin-HCI case, there is a static disorder between
two diastereotopic piperidine rings both comprising the same asymmetric unit
position of P2; monoclinic system space group chiral crystals (Refcode NODBIR)
[203]. Crystallization of N-methyl ritalin-HCl engenders a lattice void whose
spatial constraints enable one of two conformationally and N-configurationally
different molecules to reside within (see 335). Notice that the sterically demand-
ing —C ,HPh—C(=0)OMe unit is located in one specific location. However, the
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five piperidinyl carbon atoms and the N-methyl carbon in the white-colored
axial N-methyl/equatorial-CHPh—C(=0)OMe more extended molecule 332
occupy 25% of the asymmetric units, while the light gray corresponding six
atoms in the axial N-methyl/axial-CHPh—C(=0)OMe more compact epimeric
diastereomer 336 reside in the other 75%. In other words, since there are only
two asymmetric units within a P2, unit cell, for every two unit cells of the kinetic
crystal, one asymmetric unit contains 332 and three contain 336. As we have seen
in the scopolamine-HCI-1.67H,0 case, occupancy of different molecules in the
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asymmetric units gives rise to space averaging (i.e., a static disorder). Why static
in this case and not dynamic as for the nefopam methohalides of Figure 14.1?
The disorder is static because the stereogenic N* requires bond breaking and
bond making in order to exchange, while the nefopam methohalides exchange
just involves a conformational interchange. In all disorders, the occupancy
ratio of the resident molecules in the asymmetric unit is governed by the void’s
overall geometry and the packing requirements of the guest. Notice also that
the superimposed piperidinyl rings approximate a ball-like entity (similar to
adamantane in some respects).

By what mechanism does solvated 332 interconvert to 336 and vice versa?
Figure 15.1 shows that piperidine ring-inversion (middle-left to the uppermost
structure) followed by a prototropic shift/nitrogen inversion (or performed in
reverse order) converts 332 (within solid rectangle) into 336 (inside dashed
rectangle).

Now that a discussion of the stereochemistry of these methylphenidate
N-methyl diastereomers (331, 332, 336) has been presented, let us consider
their abilities to fit the DA reuptake inhibitor pharmacophore. Solution-state
331 (44% in D, O, 87% in CD,Cl,) is a nonviable candidate for binding to the DA
reuptake inhibitor model due to its axial NH [205]. The equatorial NH minor
species (332 or 336) in D, O allows it to be incorporated into the pharmacophore
(see 337). However, as Froimowitz et al. [200] predicted, the concentration
of the equatorial NH proton species is not 100% but rather only 56% in D,O
(as determined by NMR) [205]. This could explain the NMe’s six times lower
activity (ICy, 500 +25nM), compared to methylphenidate (IC;, 83 +8nM), in

Reuptake site steric barrier

28A
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competitive displacement of [*H]-B-CFT (Refcode QUHZIC) [199] at the DA
reuptake site, where B-CFT is the fluorine analogue of p-'2°I-RBI-55 (326) [205].

15.9
Development of Specific Dopamine Reuptake Inhibitors (SDRI)

We have seen that substitution of the C(=0)OMe moiety by an appropriate
length alkyl group (e.g., n-Bu) in the back-bridged tropane derivative 329
preserved its cocaine-like activity. This was the impetus for Froimowitz et al.
[200] to prepare an extensive series of C,-alkyl “methylphenidate-like” surro-
gates and investigate their reuptake inhibition activities at DA and NE sites.
These compounds are ritalin analogues where alkyl groups have replaced
the hydrolytically labile C(=O)OCH, ester function. Before discussing this
topic further, we should mention that mono- and dichloro-substituents on
ritalin’s phenyl ring markedly increased both the binding affinity and the
inhibition efficiency at the DA reuptake site. The K; binding affinity of m,p-
dichloro- and p-chloroaryl methylphenidate are, respectively, 79X and 4x that
of the unsubstituted-phenyl control, while the IC;, inhibition efficiencies are,
respectively, 7x and 3X that of the control. These findings suggest that the
pharmacophore’s aromatic ring interacts with an electron-rich binding region in
the DA reuptake site.

Due to the consistently higher activities from p-Cl aromatic ring substitution,
a series of C H(p-ClAr)R-alkyl decarboxylated-ritalin analogues were prepared
where R = Me, Et, n-Pr, n-Bu, n-Pnt. Their binding affinities to the DA reuptake
site were found to increase with longer straight-chain lengths and peaked at n-Bu
(3.20x higher than the p-Cl-methylphenidate control) [200]. On the other hand,
their binding affinities to the NE reuptake site were fairly insensitive to chain
length, and even at its best, the n-Pnt alkyl-compound was only 0.68x that of
p-Cl-methylphenidate. These results were very promising since they suggested
binding affinity selectivity to the DA reuptake site over its NE counterpart.
Moreover, what was really impressive was the DA/NE relative binding affinity
of the n-Bu test compound (29.48x higher than that demonstrated by the
control) [200].

The IC,, efficiency of DA reuptake site inhibition relative to p-Cl-
methylphenidate was found to be relatively insensitive to the straight-chain
length with a maximum at 1.49x (for n-Pr) and 1.34X (for n-Bu) [200]. But very
fortuitously, the corresponding values for NE reuptake site inhibition efficiency
were all much lower: 0.22X (#-Pr) and 0.42X (n-Bu) [200]. The relative efficiency
for DA inhibition compared to NE peaked at 9.13X for Et and then decreased to
6.76X (n-Pr) and 3.17x (n-Bu) [200]. Therefore, it seems that the greatest effect of
the straight-chain alkyl groups is their higher binding affinity to the DA reuptake
site versus attraction to the NE counterpart.
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The next step was to compare a series of branched chain C,-alkyl groups
methylated at the first, second, or third carbons. The K; binding affinity to the
DA reuptake site reached a maximum of 6.94x (for i-Pnt) compared to that
of the p-Cl-methylphenidate control [200]. Once again, the binding affinity of
the methyl branched-chain analogues to the NE reuptake site was constantly
about 0.13% lower than that for the C(=0)OCH, moiety in the methylphenidate
control [200]. As we saw with the alkyl straight-chain compounds, these alkyl
branched-chain results demonstrated a very useful trend: increased DA reuptake
site binding affinity for the appropriate length branched-chain alkyl (i.e., i-Pnt)
test compound versus the control. But now, even better, the affinities to the NE
site were found to be both iso-alkyl group positionally invariant and consistently
lower than ritalin. Bottom line: the results are extremely impressive when
considering the i-Pnt test compound’s 230.6X relative binding affinity to the DA
versus NE reuptake sites (compared to methylphenidate’s 6 relative selectivity
for the same two sites) [200]. To increase DA versus NE reuptake site selectivity
requires the laudable attributes of both an increase in DA binding affinity and
concomitant decrease for that to NE.

The IC,, efficiency of DA reuptake site inhibition relative to that for p-
Cl-methylphenidate increased to a maximum of 39.6x for i-Pnt [200]. Once
more, another important observation for DA selectivity was the extremely
poor NE reuptake site inhibition for positionally invariant i-alkyl groups, for
example, 0.05X for i-Pnt [200]. From the high binding affinity to the DA reup-
take site versus its markedly lower attraction to the NE site, one can already
predict an auspicious DA reuptake site inhibition specificity for the i-Pnt test
compound. This is readily seen by the 15.0x (i-Pnt) DA relative reuptake
inhibition versus that for NE compared to that demonstrated by the p-Cl-ritalin
control [200].

The aforementioned in vitro results from three branched-chain a-alkyl ana-
logues of methylphenidate (e.g., i-Bu, ~CH,cyc—Pnt, and especially i-Pnt) showed
impressive augmentation of DA reuptake site specificity, in terms of both binding
affinity and increased DA inhibition efficiency. Clearly, these new compounds
exhibit very different pharmaceutical profiles compared to that of ritalin-HCL
It should be stressed that they are not improved pharmacotherapeutic agents for
the treatment of ADHD, since ritalin must inhibit two reuptake sites (the primary
DA site and the secondary NE site).

Both CH,cycPnt and i-Bu groups are isosteric replacements (occupy the same
space) for C(=0)OCH,. Hydrolytically labile cocaine (as opposed to the i-Bu
analogue) suffers from the liability of the ester function’s rapid metabolism to the
inactive acid [206]. Larger doses of cocaine have to be administered in order to
overcome this. The rapid increase in cocaine concentration to high levels in the
blood stream is said to produce the “rush” described by addicts. Locomotor assays
of the i-Bu analogue showed it to exhibit the favorable therapeutic attributes
of both slow omnset and long duration [200]. Since lower doses of the i-alkyl
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analogue need be given, its DA reuptake inhibition effect builds up at a slower
rate and then metabolically decreases at a markedly lower rate than measured for
cocaine. There is evidence that cocaine abuse is linked to its fast onset and short
duration of action. Thus, a compound with the opposite pharmacokinetic profile
would be expected to have reduced abuse potential, which might allow it to be
a useful substitution pharmacotherapy for the treatment of cocaine abuse. Pre-
liminary animal studies suggest that the i-Bu analogue indeed has a lower abuse
potential.
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These studies have now enabled the construction of a more detailed third-
generation DA reuptake pharmacophore. Incorporation of the o-iso-pentyl
methylphenidate-surrogate into the DA reuptake site inhibition pharmacophore
now enables the definition of three important sites: an electron-rich aromatic
interaction region, a hydrogen-bond acceptor about 2.8 A from a piperidine
nitrogen donor with an equatorial N—H bond, as well as the presence of an
approximately 6.5 A deep hydrophobic pocket (see 338).

Glaser, Froimowitz, and coworkers [207] reported the solution-state and solid-
state stereochemistry of a series of active (RR,SS)-p-Cl-Ar,C(a)-alkyl analogues
(e.g. Refcode PIDGEO) and inactive (RS,SR)-C(x)-alkyl “ritalin surrogate” epimers
with and without N-methylation. The active (RR,SS)-3,4-dichloro-N-methyl-i-Bu
ritalin-like analogue afforded 2.4x the DA binding affinity and 0.66X the inhibi-
tion of DA reuptake relative to that of the non-N-methylated compound [200].
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The X-ray structures of the active (RR,SS)-a-alkyl methylphenidate-substitutes
all exhibited a gray color-coded antiperiplanar H-H conformation as in 339
(Refcode PICRAW) [207]. About half of the inactive (RS,RS)-a-alkyl analogues
exhibited a different solid-state gray color-coded synclinal H-—H conformation
as shown in the equatorial N-methyl diastereomer 340 (Refcode PICREA)
[207]. The —CH,CHMe, conformation and axial/equatorial NMe orientations
are all in accord with avoidance of oppositely signed sterically unfavorable
g'g™ interactions noted earlier. The same solid-state NMe configurational
and i-Bu conformational geometries were found for the corresponding major
solution-state species in both D,O and CD,Cl, [207]. It remains to be proved
that this H—H antiperiplanar/synclinal conformational difference has biological
significance.
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16.1
X-Ray Crystallographic Structure—Based Molecular Design

We have seen that the pharmacophore method enables the design of new drugs
even when the exact location and structure of the host are unknown. But, on the
other hand, there are many cases where X-ray crystallographic structures exist
and depict a guest molecule residing within its host. This provides the ability to
observe the actual interactions between the intimately docked partners. Once
these are understood, the next step is to look for unused potential binding sites
within the host’s cavity. With this in mind, the goal is to design a new guest con-
taining additional interaction functions that can be auspiciously located to take
advantage of the unused site (and hence increase the guest’s binding affinity). An
apt example of the use of the structure-based technique was the rational design
of the current world record holder (2014) for the strongest known noncovalently
bound host and its guest: K, = 7.2 X 10 M~ }; K, = 1.4 x 10~ 8 M (attomolar),
D, 0, 25°C [208]. To put such a large number like 7.2 X 107 M~ into perspec-
tive, it was about 45 000x the US Gross National Debt as of April 2014. It is also
approximately 1400x stronger than Nature’s best effort (K, ~ 1071 M) for the

o
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dissociation of the biotin cofactor (341) from avidin (its protein host comprising
about 0.05% of the total protein in chicken egg whites).

The ultrahigh binding is between a cucurbit[7]uril host (342) and NN,N,N',N/,
N'-hexamethyl-diamantane-4,9-diaminium diiodide (diam-4,9-di(NMe,I), 343),
a bisquaternary ammonium guest. Cucurbit is a gourd-shaped pumpkin-like
object, for example, the bottom of an alembic (344, derived from the Arabic
“al anbiq” meaning the still, a glass vessel fitted with a long tapered tube air-
cooled condenser used by alchemists and early chemists for distillation). Before
we discuss the design method, some background should be provided for these
remarkable macrocyclic water-soluble molecular containers.

\\ \
N\ NMe-l
e
o s
N~ N

(o] N
\QS\( ) % Z)// N
N\)OJ\N N
m*x /,NJ NMegl
342 343

344



16.1  X-Ray Crystallographic Structure—Based Molecular Design

Cucurbit[#]urils (345) are synthesized via reaction between urea and dialde-
hyde (2:1 ratio) to afford the intermediate glycoluril (346). This is followed by
condensation with formaldehyde to give a mixture of cucurbit[#]uril macrocyclic
products.

o 0O 0 _o “|n-5
NN//J%N/\/\\N')\IX SN /ﬁ/Nl\N n
}H | X
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NN ONTEN NN H H
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CB[n](n=5,6,7,8,10) 0
345 346

Over the past decade, the cucurbit[n]uril (CB[x], n=5, 6, 7, 8, 10) family
of molecular containers has emerged as a very popular platform for basic and
applied studies of molecular recognition in water. The CB[#n] hosts feature two
symmetry-equivalent partially negatively charged ureidyl carbonyl portals, which
guard the entrance to a hydrophobic cavity. Mock and Shih [209] showed that
guests with both cationic and hydrophobic regions bind with micromolar affinity,
and good selectivity, toward CB[6] in acidic aqueous solution. For example, a vari-
ant of CB[6] binds to the oligoamine spermine with K, = 3.4 x 1012M ™1 (in pure
water) by a combination of hydrogen bonding (*N-H°* -9~ 0=C), electrostatic
interactions (JrNCmethylene ~9=0=C), and the hydrophoblc effect (Refcode
XUBYUP) [210]. This hexacyclohexyl type variant has exo-3,4-butano bridges
replacing the methine protons in the equatorial CH—CH units. In 2005, Isaacs
and coworkers discovered, by 'H NMR competition experiments, that CB[7]
exhibits very high affinity toward adamantane-1-NH,Cl (347), adamantane-1-
NMe,Cl (348), ferrocene-1-CH,NMe,I 349, and ferrocene-1,1'-di(CH,NMe,]I)
350 (e.g., CB[7]:347 K, =4.23 X 102M~1; CB[7]-348 K,=171x% 102M~ 1
and CB[7]-349 K, =3.31x10""M ™%, all in 50mM NaOAc buffered D,O at
pH 4.74) [211]. In 2007, it was reported that the affinity of the CB[7]-350 complex
(K, = 3x 10> M~ in pure unbuffered H,0, and K, = 1.9 X 101* M~ ! in 50 mM
NaOAc buffered D,O at pH 4.74) rivaled that of the avidin-biotin complex [212].
The reduction in K, for CB[7]-350 in 50 mM NaOAc-d, buffer is fully consistent
with the known ability of Na* ions to bind at the C=0°" portals of CB[x],
and thereby reduce the observed values of K, by competition [213, 214]. The
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advantage of the sodium acetate-d3 buffer is that it provides a standard pD
solution that is independent of the ammonium salt’s pK,,.

NHCI NMegsl

347 348
_CH,NH;CI _CH,NMegl

| |
Fell Fell
§©!7 §C|>Z
CH2NMegsl
349 350

A tripartite collaboration between Beer-Sheva, Croatia, and the United States
was formed 4years ago to undertake a systematic study of adamantane-based
diammonium guests in order to decipher the structural requisites for ultrahigh
binding. This section discusses the Structure-Based Molecular Design technique
with crystal structures of CB[7]/CB[8] hosts binding adamantane guests. Two
published structures and six in-house (yet to be published) [215] structures were
compared in the learning set. Binding studies had shown that quaternary ammo-
nium salts had stronger affinity to the CB-hosts than their primary ammonium
analogues, and one of the project’s goals was to ascertain the reason why this
was so.

16.2
The Different Primary Ammonium and Quaternary Aminium Binding Modes

With a learning set of eight CB-hosts, containing adamantane mono- and diamine
guests, two markedly different binding motifs became apparent, that is, those for
primary- versus quaternary-ammonium salts [208]. The first structure to be dis-
cussed is 3,5-dimethyladamantane-1-NH;Cl, (351, memantine — a monoamine
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guest). Memantine is a clinically useful drug for the treatment of many neuro-
logical disorders, including Alzheimer’s disease. A capped sticks/space filling side
view of the CB[7]-351 complex (Refcode SULZI] mol A/mol B) [216] is shown
in 352 and top view 353. In order to engender a hydrogen bonding distance, the
primary ammonium nitrogen tilts 30° from the host’s axis toward two adjacent
C=0°" oxygen atoms on the portal rim in order to engender a hydrogen bond.
(L. Isaacs, R. Glaser, K. Majerski, and coworkers, unpublished results). The 2.77
and 2.86 A *N—H’* 9~ 0=C hydrogen bonds are depicted in 353. The nitrogen
atom is only 0.18 A above the mean portal plane defined by the seven oxygen
atoms.

NH;CI

Me Me

351

352 353

The combination of two methyl groups abutting the cavity’s interior walls and
the ammonium ion tilt of 352 results in an energy demanding elliptical defor-
mation of the narrow CBJ[7] host, K, = 2.50 x 10* [211] (see 353). The molecule
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occupies a general position of symmetry in the P2,/c crystal lattice so that its
visually apparent C,-rotational symmetry is only pseudosymmetry. The Avnir
S(C,) parameter [11, 12] was used to measure the degree of distortion from ideal
C,-rotational symmetry. The distortion indexes of the seven portal oxygens from
ideal symmetry increased from the hydrogen-bonded top portal (0.14(6) S(C,)),
to the equator (0.24(4) S(C.)), and then to the more elliptically deformed empty
bottom portal (2.7(2) S(C;)) (R. Glaser and A. Steinberg, unpublished results).
To put these S(C;) values into perspective, the top portal and equatorial plane
S(C;)-values of 0.14—0.24 correspond to visibly perceivable small deviations
from the ideal (i.e., moderate-fidelity C, pseudosymmetry). Whereas bottom
portal’s very high 2.7(4) value (due to abutting methyls) testifies to important dis-
tortions that are large enough so that the absence of a particular pseudosymmetry
element within an object is visually perceived (i.e., extremely low-fidelity
pseudosymmetry).

A better fit should be expected for residence of 351 within the larger diameter
CB[8] container (K, = 4.33 x 101 M~ 1) [208]. This was indeed so, a remarkable
2.11 x 10’ M~ ! increase in binding affinity, and a slightly larger 36° tilt in order
to form a single 2.82 A hydrogen bond, see 354 (L. Isaacs and PY. Zavialij,
unpublished results). Due to the larger tilt, the nitrogen atom is only 0.01 A above
the mean portal plane defined by the eight oxygen atoms. The larger diameter
CBI8] host suffers a lower degree of energy-demanding elliptical deformation (see
355). The 0.15 S(Cy) values for both portals now show a very small magnitude
structurally significant deviation from the ideal symmetry that can still be
visually perceived (R. Glaser and A. Steinberg, unpublished results). However,
this value is very misleading. Why? The CB[8] host occupies a special position
of inversion symmetry in the /4,/a tetragonal space group lattice (L. Isaacs
and PY. Zavialij, unpublished results), while two static disordered asymmetric
351 guests occupy the unit cell's 16 asymmetric units. This means that eight
of the unit cell’s asymmetric units have the monoammonium guest interacting
with the top portal while the other eight have it disposed toward the opposite
orifice (R. Glaser and A. Steinberg, unpublished results). The two C,-symmetry
space averaged superimposed guests depict a statistical i-symmetry disordered
composite (354). As a result, the apparently enantiotopic portals in the X-ray
crystallography determined complex 355, 356 are really a hybrid of two unob-
served diastereotopic faces (one hydrogen-bonds the guest while the other does
not) (R. Glaser and A. Steinberg, unpublished results). There is a clear lesson to
be learned here. To many chemists, a crystal structure represents the definitive
representation of structural reality. But it is clear that this is not necessarily so.
Does this mean that crystal structures 355 and 356 are useless? Of course not!
They do give us insight into how the complex looks on the average. One just has to
be aware of exactly what the structure is telling us. This is where a computational
model produced with a very high level of density functional theory (DFT) (e.g.,
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BLYP-D/def2-SVP/COSMO=dft triple—zeta + polarization empirical dispersion,
and COSMO implicit solvent) can help fill in the gaps in our knowledge.

The larger diameter CB[8] host complexed with NN, N,N',N',N'-hexamethyl-
adamantane-1,3-di(NMe;I) 357 (Refcode SAXKEI [211], 358, 359) is
representative of the quaternary ammonium salt binding motif. In this arrange-
ment, the C(ada)-N bond is almost perpendicular to the top mean plane of
the portal oxygens, and the nitrogen atom juts out about 0.51 A above the top
plane. The second NMe, group is not properly placed to do this. Instead, it
is pushed against the cavity’s interior wall and its nitrogen is 2.30 A above the
bottom portal mean plane. Five of the carbonyl oxygen atoms on the top portal
undergo strong electrostatic +NCmethy1LI‘3+—5‘Q=C Coulombic interactions as
evidenced by the mean 4.35(8) A *N-%~0=C distances for four oxygens and
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an only very slightly longer 4.74 A distance for a fifth one (see 359). These
interactions and distances are very similar to those *N—Aromatic(centroid)®~
interactions and distances between acetylcholine’s quaternary *N(CH,), group
and the surrounding partially negatively charged aromatic ring interiors lining
acetylcholinesterase’s tunnel [217, 218].

NMe;!

NMes!

357

The steric fit between adamantane-1,3-di(NMe,I) 357 and its CB[8] host
is vastly improved over that for the smaller diameter CB[7] host. This is
clearly seen in the 1.7 x 10° larger K, value of 1.11x 10''M~! for CBI8]
versus only 6.42x 10*M™! for CB[7]. The Avnir 0.83(2) S(Cg) mean dis-
tortion parameter for the top portals (with perturbing *NMe;) of the two
symmetry-independent molecules points to a visually observed structurally
significant deviation from ideal Cg; symmetry (see 359) compared to the
lower 0.25(9) mean value for the bottom portal (R. Glaser and A. Steinberg,
unpublished results). Why should this be when the sterically challenged lower
NMe, group exhibits a 2.56 A close contact with a lower portal oxygen (i.e.,
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NCmethylH ++:6=0=C) as evidenced by the 2.74 A sum of O and H van der
Waal’s radii? The reason is the top portal’s five strong NCmethylH +e0=0=C
and NCCmethyleneH +9=0=C electrostatic interactions (R. Glaser and A.
Steinberg, unpublished results) What does this mean? These strong attractive
attractions result in an almost semicircular arrangement of five top portal
oxygens that appear to be pulled toward the N*. The net result is that the top
elliptical portal becomes slightly pinched (crimped) in the middle of its long axis
(see top view 359). This is seen in the larger disparate top portal's O—O 8.90
and 10.72 A respective short and long elliptical axes’ lengths versus the bottom
empty portal’s closer values of 9.40 and 10.32A. Detailed crystal structure
analyses like these lie at the heart of the Crystal Structure—Based Rational
Design method. A modeler cannot adequately suggest a new potentially bioactive
molecule without understanding the bonding and nonbonding interactions in his
learning set.

While a lot has been mentioned about host—guest bonding and nonbonding
interactions, almost nothing has been said, as yet, of the space-filling aspects of
these complexes. The interior’s hydrophobic cavity has a propensity for maximal
space filling by the guest’s hydrocarbon skeleton concomitant with nondistortion
of the host’s interior walls by laterally protruding substituents (i.e., a type of hand-
in-glove arrangement). Intimate space-filling interactions result from dispersion
forces (the term used by computational chemists) between host and guest. More-
over, maximization of these forces engenders the most efficient liberation of all
water molecules from the hydrophobic cavity (a very obvious important driving
force for strong binding) (L. Isaacs, R. Glaser, K. Majerski, and coworkers, unpub-
lished results).

16.3
Search for Unused Binding Sites

Now that the bonding and nonbonding forces have been ascertained from our
learning set of crystal structures, we are ready to finish the initial stage of the
technique and start looking for potential unused binding sites. Can you find any?
Of course you can, since all of these structures (and other unpublished structures
in our learning set) utilize only one of the two portal faces. OK, but what skeleton
should we use? The (2—4) X 102 M ™! teramolar association constants of CB[7]
with adamantane-1-NH;Cl (347) and the corresponding quaternary-NMe; salt
(348) make these guests an attractive starting point. Moreover, these high values
suggest that the adamantane-1-NMe,I guest’s rigid skeletal framework already
possesses the “bioactive conformation” BLYP-D/def2-SVP/COSMO=dft triple-
zeta + polarization empirical dispersion, and COSMO implicit solvent geometry
optimized models (P. Hobza, J. Hostas, L. Isaacs, K. Mlinari¢-Majerski, and R.
Glaser, unpublished results.) of adamantyl primary (360) and quaternary (361)
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cations residing within a CB[7] cavity clearly confirm that adamantane-1-NMe,’s
cylindrical skeleton makes it an attractive candidate to begin the design of a new
and improved guest.

NH;CI

NH,CI
362

The i-symmetry disordered 3,5-diMe-Ada-1-NH,CI composite (354) provides
the clue for the next design step. The obvious strategy should be to utilize both
portals and thereby increase the binding affinity of our new guest. This approach
is seen in the straight-chain primary ammonium versus alkane-a,0-di(NH;Cl)
diammonium salts studied with CB[6] by Kim et al. [210] (see Refcode XUBYUP
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structure). Space-averaged composite 354 gives an illusion of two-portal binding
capability as expected for a diamantane skeleton with ammonium-groups at the
4,9-bridgeheads (R. Glaser and A. Steinberg, unpublished results). However, it
must still be decided whether the bis-primary or bis-quaternary binding modes
will be used in the design. The bis-quaternary binding mode wins out since it
has the potential of both above-portal *NC,, 4, H’* °~O0=C and below portal
+NCCmetherneE§+ = 9=0=C interactions with all 2 X 7 = 14 portal oxygen atoms,
while a bis-primary diammonium candidate can only hydrogen-bond to a limited
number of 2—4 oxygen sites. The centroid of adamantane’s bottom six-member
ring (perpendicular to the C;-axis) is 3.97 A from N* in quaternary ammonium
model 361 (P. Hobza, J. Hosta$, L. Isaacs, K. Mlinari¢-Majerski, and R. Glaser,
unpublished results). Adamantane is the archetypical member of the diamondoid
family of molecules. Fusing a bottom six-membered ring in adamantane-1-amine
with the corresponding ring in an inverted structure generates D,d-symmetry
diamantane-4,9-di(NH;Cl) 362, and diamantane-4,9-di(NMe,;I) 343, whose
2% 3.97 = 7.94 A N*—N* putative distance is able to span the 6.2 A high inter-
portal void [219]. This distance is very similar to that measured for composite
354. Since the cross-sectional diameters of adamantane-1-NMe; 348 and
diamantane-4,9-di(NMe;) 343 are the same, the new guest should encounter
little difficulty upon CB[7] portal entry. The mean S(C;) index of distortion
from ideal C,-symmetry for the two sets of seven portal oxygen atoms in DFT
model 361 was found to be only 0.009(3), which testifies to an extremely high
C, pseudosymmetry fidelity and gives assurance of a nonelliptical very negligibly
distorted complex. (R. Glaser and A. Steinberg, unpublished results). Finally, the
inversion center of the new guest should engender an auspicious juxtaposition
of the two "NMe,; moieties above the portal planes to simultaneously enable
NC ey’ °~0=C and *NCC H%* 9= 0=C interactions with all 14
C=0°" units.

methylene:

16.4
Primary Ammonium and Quaternary Aminium Binding Modes in CB[7 and 8]
Complexes of Diamantane-4,9-Substituted Guests

Before we move on, let us take a close look at the crystal structures of
CB[7]-diamantane-4,9-di(NMe;I) 363, and CB[8]-diamantane-4,9-di(NH;ClI)
364, Refcodes FITBIV and FITBAN [208], respectively. Our analyses of the
CB[7]/CBI8] learning set complexes discussed earlier enabled the prediction that
multiple *NC,, o H* = O=C/*NCC oppyieneH’*  °~ O=C electrostatic attrac-
tive interactions would be observed with appropriately spaced "NMe, groups
perpendicularly disposed above and below each portal plane and whose *N -
N* C;-symmetry axes would be collinear with the host’s C, axis [208]. Fourteen

+NCmethylL15+"' 9=0=C interactions were indeed observed as evidenced by the
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typical 4.38(7) A +N - O=C mean distances measured on both portals of 363. The
90(7)° *N - centroid(portal plane) - O=C mean angles testify to a perpendicular
disposition of the C(4)-N*/C(9)-N* bonds to the portal planes. Similarly, as
predicted by our structural analyses, the CB[8]-diamantane-4,9-di(NH;Cl) 364
bis-primary ammonium nitrogens were indeed tilted by 36° from the pseudo
Cy axis.

How much are an additional set of interactions at a second portal worth in terms
of K, measured in 50 nm NaOAc-d, buffer (pD 4.74) for complexes comprising
the appropriate optimum diameter CB[7] or CB[8] host? The answer should be dif-
ferent for multiple interactions involving the quaternary *NC,, o, H**°~0=C
versus primary *N-H’*-9~0=C binding modes. The CB[7]-diamantane-4,9-
di(NMe;l) 363 complex’s 1.9 x 101> M~! K, value [208] in buffer is 1110 times
larger than that of CB[7]-adamantane-1-NMe,l (K, 1.71 x 102M™1) [211]
361. This comparison is for optimum space-filling of diamantane-4,9-di(NMe,I)
within complex 363. What happens if a larger-than-optimum host (e.g., CB[8])
is used for the comparison? The CB[8]-diamantane-4,9-di(NMe;I) complex’s
K, 2.0 x 102M ™! value [208] in buffer is now only 21 times larger than that of
the CB[8]-adamantane-1-NMe,1 9.7 x 10 M~ ! K, measurement [211].
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On the other hand, the CB[7] host’s diameter is too narrow to enable the
CBJ[7]-diamantane-4,9-di(NH;Cl) complex’s bis-primary guest to successfully tilt
for two-portal hydrogen-bond formation. The resulting 1.3 X 101! M ™1 K, value
[208] is actually 0.03 times smaller than that of the CB[7]-adamantane-1-NH;ClI
360 (4.23 x 10'2M 1) [211] K, determination. However, if the host’s diameter
is then increased as in CB[8]-diamantane-4,9-di(NH,CI) 364, then tilting for
two-portal hydrogen-bonding is less constrained, and the K, 8.3 x 10'M ™!
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value [208] becomes 1030 times larger than that for the CB[8]-adamantane-1-
NH,ClI (8.19 x 108 M~ 1) [211] K, measurement. Bottom line: in the case of the
diamantane guests in this study, each of the two binding modes has its own
specific optimum host size for maximum rim C=0°" interactions. When this
proviso is met, then diamantane diammonium guest K, values are about 1000
times larger than those for adamantane monoammonium binding to a single
orifice irrespective of the binding mode.

The C, pseudosymmetry of the seven portal carbonyl oxygens is not dis-
torted by the vertically disposed diamantane-4,9-di(NMe,I) complexed within
CBI[7] (363) (R. Glaser and A. Steinberg, unpublished results). The multiple
INC eyt H* 2~ 0=C and *NCC H%* -+ 9=0=C electrostatic attractive
interactions actually introduce increased sevenfold rotational order into each

‘methylene

portal, that is, an induced fit. How do we know this to be true? Certainly, it cannot
be done by means of visual inspection. Three empty CB[7] molecular containers
were arbitrarily chosen from the Cambridge Structural Database (CSD) (Refcodes
FUYHIR [220] and IJINIZ (]J.C. Berthet, P. Thuery, and M. Ephritikhine (2009)
Private communication to the Cambridge Structural Database) mol A and B),
and a 1.0(7) Avnir S(C,) parameter was calculated for the seven oxygen atoms
on each portal rim (R. Glaser and A. Steinberg, unpublished results). This large
1.0(7) S(C,) parameter value for these empty complexes testifies to structurally
significant deviations from an ideal C,-symmetry rim oxygen arrangement,
compared to a 38 times lower 0.026(7) S(C,) distortion parameter value for the
filled CB[7]-diamantane-4,9-di(NMe;I) complex 363 (R. Glaser and A. Steinberg,
unpublished results). What does this really mean? Answer: in the absence of a
guest, CB[7] rim oxygen atoms exhibit very low fidelity C,-pseudosymmetry since
they possess positional freedom (i.e., they exhibit a degree of flexibility due to lack
of a strong cylindrical constraint within the cavity). It is likely that this flexibility
aids diamantane-4,9-di(NMe;I) 343 as it enters the CB[7] cavity under the
attraction of electrostatic forces. A combination of seven +NCmethylLI5+ =9=0=C
. methyleneil
partially positively charged protons (0.95(2) A below the portal plane) induce
nonstressing 2.6(1) A NCC ethylene
protons in 365). These short contacts are only 0.1 A shorter than the sum of

attractive interactions above the portal plane together with six *NCC
Ho+ - 9=0=C short contacts (see dark gray

their van der Waals radii and, hence, are quite gentle compared to lateral methyl
groups rammed into the cavity interior walls in 352, 353, and 357. On the other
hand, the about 36° *N-*N axis tilt required for optimum *N-H°*-%=0=C
hydrogen-bonding distances causes the diamantane-4,9-di(NH;Cl) 362 to
elliptically distort both portals of the CB[8] host (i.e., 0.293 S(C,)) testifying
to structurally significant deviations from the ideal, see 364 (R. Glaser and
A. Steinberg, unpublished results).
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17
Helical Stereochemistry

171
Helical Stereochemistry

We have already seen that helicity, like tetrahedral atoms with four different
ligands, is a stereogenic element. Of the eight symmetry operations, screw-rotation
(rotatory-translation) is unique in that its “helical pathway” usually has a chiral
sense (we will later see that achiral helical pathways are a very special case).
This helical chirality is always completely independent of the chirality of the
molecule (or unit) that undergoes the helical transformation from place to place.
For example, B-DNA [221] (366) is a duplex of right-handed antiparallel chains
(10 homochiral p-sugar-base units/1 complete turn of the helix), while Z-DNA
[222] (367) is an antiparallel left-handed duplex formed in high salt concen-
trations (yet, the backbones of both contain the same D-2-deoxyribose sugar
residues)!

Screw-rotation descriptors denote the handedness of the transformation (or
lack of handedness in very special cases). Screw-rotation #; helix descriptors
(e.g., 31, 44, 51, etc.) always define right-handed rotatory-translation operations
with clockwise-rotated tropicities when viewed down the axis from close to
far (from either end). Their screw sense is also designated as (P or +)-helicity.
As noted earlier, screw displacement is a combined operation involving the
components of translation and rotation. The n; right-handed descriptor means
that the object is rotated clockwise by 360°/n and translated by the descriptor’s
inverse (i.e., “I/n”-th) times the unit cell length parallel to the screw axis. The
unit cell length is one complete turn of the helical pathway (also known as the
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pitch height of the helix, / in drawing 368). A triangle would be formed if one
complete turn of a helix was excised out of the infinite array and then unrolled
laterally. The pitch of the helix is arctan((pitch height)/(2 X helix diameter)).
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To construct a 3; screw displacement, arbitrarily start with position No. 1 in
drawing 369. A consecutive series of clockwise 120° rotations and translations
equal to one-third of a full turn on the helix axis will bring us to position No. 2
(in front of the drawing plane), then on to position No. 3 (in back of the drawing
plane), until we arrive at a new position No. 1 in the drawing plane. The order in
which the two operations are performed is not important. The new position No. 1
has been translated along the helix axis by pitch height distance-x (i.e., one com-
plete turn of the helix). It is relatively easy to see that continued application of the
3,-screw operation will build up an ordered array of infinite repeat units in which
no point remains invariant in space. This is the reason why all transformations
based on pure translation, rotation plus translation (screw-rotation), or reflection
plus translation (glide reflection) are to be found only in space groups. One ver-
tical x-axis (helical axis) repeat unit designates a unit cell and encompasses half-
No. 1 - No. 2 — No. 3 — half-No. 1 points from top to bottom. Periodic drawing
369 portrays three stacked adjacent unit cells within an infinite 3;-helix.
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369 370

Enantiomorphous left-handed helices (anticlockwise-rotated when viewed
down the axis from close to far) are affixed with n,_; descriptors (e.g., 3,, 45,
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5, etc.). They are also designated as (M, —)-helices. However, an extremely
important point to note is that in all symmetry operations, the tropicity of
rotation operations is arbitrarily, but always consistently, in a clockwise direction.
As a result, the initial set of three 3, generated points gives the illusion of being
an “elongated” right-handed helix whose pitch height is twice as long as that for
3, (see 370). The reason for this is that the translation was equal to two-thirds
of a full turn on the helix axis to bring us from the top to position No. 2 in 370
(still in front of the drawing plane), and then on to position No. 3 (in back of the
drawing plane), until we arrive at a new position No. 1, which has been translated
by distance-2x along the helix axis. Careful inspection of 370 shows that there
clearly is something amiss with the periodicity of the new helix (position No. 3
resides in the second periodic unit, and translated position No. 1 is located
between the second and third periodic units). Since we are dealing with a space
group operation, the contents of every unit cell must be identical to that of every
other within the extended array. But this is clearly not the case. Point No. 3 in the
middle unit cell does not exist in the highest unit cell. Point No. 2 does not exist in
the middle unit cell. Also, point No. 1 between the middle and lowest unit cells is
not present between the highest and middle unit cells. To rectify this periodicity
problem, the missing points must be added so that the contents of each unit cell
will be invariant. In other words, points No. 3 and new No. 1 in 370 must both be
translated upwards by distance x into the original (upper) unit cell by (see 371).
The original numbering of the points in drawing 370 is then renumbered as in
372. When this is performed, (i) the contents of all three unit cells in the drawing
will be identical and (ii) the actual tropicity of the 3, helix is now anticlockwise
(see 372). Bottom line: a rotation of —120° (disallowed in symmetry) gives the
same result as an allowed rotation of +2 X 120° =240°.

Another extremely important point must also be emphasized. The 3, arrange-
ment of point positions in 369 and the enantiomeric 3, arrangement of these point
positions in 372 have nothing to do with either connecting them together one
after the other (i.e., ligation) or with their connectivity to a central support pole as
if one is dealing with spiral staircases. In drawings 369, 372, the points just happen
to be arbitrarily drawn as being attached to the vertical axis line as an illustrative
heuristic device. In actuality, the axis line is imaginary but the point positions are
real. What does this mean? It means that the 3, arrangement of points in 369
and the enantiomorphous 3, spatial arrangement in 372 remain even when the
imaginary axis line and wedges in the drawings are erased (i.e., so that the points
just float in space). Therefore, molecules “floating in space” at defined positions
constitute a helical arrangement within a real crystal. They can be thought of as
steps of a spiral staircase magically levitating in space without any physical connec-
tion to a central pole for support. The same exact helical symmetry arrangement
will exist if the molecules are bound together as in a polymeric chain. The ligation
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of monomer residues is only a chemical constraint completely unrelated to the
symmetry relationship of the polymer. Similarly, the central pole in a spiral stair-
case is only a mechanical constraint unrelated to the symmetry arrangement of
the steps themselves.

17.2
2n,-Symmetry Achiral Helical Pathways

What about the special case of achiral helical arrangements alluded to earlier?
These achiral helices exhibit 27, descriptors, that is, the standard “n,,” descriptor,
where n=2nand m=mn(e.g., 2,,4,, 65, etc.). With the exception of the prototypical
achiral 2, single helix, all the other higher “homologous” examples of this fam-
ily represent multiplexes (i.e., duplexes (double helices), triplexes, etc.). In other
words, these descriptors of multiplexes are affixed to inherently achiral pathways
of monomeric subunits within intertwined n-multiple screw arrangements. The
operative concept is that a C, -axis must be coincidental with the 2n,-axis. These
2n, pathways only become chiral when the subunits are constrained by chemical
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ligation to each other (e.g., (X—X-X-X), etc., polymers/oligomers) into n-helical
strands of parallel strands within double-, triple-, or multiple-stranded polymers.
In other words, it is only the chemical ligation (for molecules) or mechanical con-
nectivity (for objects) that imposes chirality to a 2n, arrangement. Moreover, we
will see that the ligation/connectivity can be made by one of two ways to engender
either two homotopic intertwined C,-related 2n, right-handed helices or two
2n,_, left-handed helices.

Consider the four “quarter-sphere” asymmetric units of a 4,-helix to be spatially
disposed asin 373. Do not be overly concerned that the quarters do not look asym-
metrically chiral since we are using a modicum of artist’s license in order to illus-
trate a concept. According to the 4, screw rotation descriptor, asymmetric unit
black-1 quarter is rotated 360°/4 = 90° and then translated 2/4 = 1/2 of the length
of the helix axis so that it is transformed quarter-sphere black-2. The C,-axis
(coincidental with the 4,-helical axis) further transforms black-1 into white-1 and
black-2 into white-2. Next, if we desire to connect a top quarter apple with a
bottom unit (via mechanically constraining them with cyanoacrylic “super-glue”),
then notice that there are two possibilities (see 374). Option one is to fuse black-1

373 374

375 376
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to black-2 via the black arrow to produce a right-handed helical construct 375.
But, one could have just as readily connected black-1 to white-2 via the gray arrow
to form a left-handed helical building-block 376.

Next, let us consider a pair of two right-handed helical building blocks (black-1
fused to black-2) and (white-1 fused to white-2) as in 377. One may form a sphere
consisting of two homochiral halves if the two helical constructs are laterally
intermeshed together (see 378). Notice that the same sphere is formed if one
pushes all of 373’s four asymmetric units inward to the center (see 4, unit cell
379). If we disregard the superglued 1/8-th overlapped sections, then the achiral
spatial arrangements of the four subunits in both spheres are identical. In other
words, 378’s two mechanical constrained chiral right-handed constructs (white-1/
white-2) and (black-1/black 2) have the same identical 4,-symmetry as 379’s four
subunits levitating in space. By this we mean that mechanically constraining two
subunits to join is not a symmetry operation and, thus, has nothing to do with the
subunits’ 4,-symmetry spatial relationship.

378 379
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The next step is take the mechanical constraints into consideration and ask our-
selves “if both (white-1/white-2) and (black-1/black-2) are right-handed helical
building-blocks, then what is their geometrical relationship when they laterally
intermesh to form a sphere?” The two homochiral constructs become intimately
nestled around the 4,-helical axis (and the coincidental C, axis) to form a 1/2-
turn of a parallel homotopic right-handed double-helical assembly 378 unlike the
antiparallel DNA duplex. Notice that one could have just as easily produced an
enantiomorphous parallel left-handed double helix from (black-1/white-2) and
(white-1/black-2) constructs. Finally, let us vertically stack (white-1/white-2) on
top of (black-1/black-2) (see 380). Begin at white-1 and then diagonally transit
90° clockwise to white-2, and another 90° clockwise diagonal motion to black-1,
followed by yet an additional 90° clockwise diagonal passage to black-2 to sweep
out a one full-turn 4, -helical pathway (380). In other words, the (white-1/white-2,
380-top) 1/2-turn helical unit is the vertical continuation of its (black-1/black-2,
380-bottom) 1/2-turn helical partner within the 4; stack. This is due to the coaxial
C,-axis within the four asymmetric unit’s 4,-symmetry arrangement.

380

Are there chemical examples of 21, arrangements? The answer is indeed yes.
In molecular biology, the poly(rA)-poly(rA) parallel double helix is just such a
case [223]. A full turn of the biopolymer duplex consists of two 8;-symmetry
parallel strands. However, this is NOT the unit cell repeat unit. The 1/2-turn
tetranucleotide 4,-symmetry double helix is the polymer’s translational repeat
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unit (unit-cell, 381), and its asymmetric unit is a single dinucleotide 1/4-turn
segment. If the repeat unit is excised out of the polymer, then the intertwined
tetranucleotide strands are said to be nonplectonemically coiled since the
four base-pair duplex segment enables facile strand separation without prior
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unwinding [224, 225]. This is not the case with DNA-like antiparallel unit cells of
one full turn (although there probably is no biological significance to this obser-
vation). Another very important structural feature to stress is that 381’s vertical
C,-axis not only results in homotopic symmetry-related poly(rA) strands, but also
equivalences the two grooves themselves. The identical grooves and the 1/2-turn
repeat unit of a stylized 4, duplex are depicted in drawings 382 and 383, respec-
tively. This is in marked contrast to the diastereotopic major and minor grooves
of B-DNA (see 366) and in the more stereoregular double-helical poly(dA-dT)-
poly(dA-dT) [226] analogue. Similar to the mechanically constrained helical units
377, ligation of the rA monomers is a chemical constraint that is also irrelevant to
the 4,-symmetry of the homopolymer duplex.

A similar example to poly(rA)-poly(rA) is the repeat unit of the polysaccharide
Curdlan [227], a 6, triplex of intertwined parallel (1 — 3)-p-D-glucan chains
[224, 225]. The 1/3-turn unit cell is composed of three disaccharide units. The
monosaccharide asymmetric unit undergoes a 60° rotation (360°/2n) followed by
a translation of #/2n=3/6=1/2 of the unit cell. The C;-axis, coincidental with
the 65-helix axis, then generates the two other disaccharide residues. A layer of
three laterally related monosaccharides constitutes an Rg(6) hydrogen-bonded
ring graph set (see 384). Similar to the 4,-duplex example, stacking disaccharide
units one on top of the other generates one full turn of a single 6,- or 6
helix.

17.3
“La Coupe du Roi": Chiral Apple Halves Produced by a 4,-Bisection

As noted by Mislow [228], the well-known French stereochemist Alain Hoareau
performed a parlor trick known as la Coupe du Roi (the King’s or Royal cut) during
the first Biirgenstock Conference on Stereochemistry in May 1965. One vertical
half-cut from the top to the equator (385) is made into an apple (idealized as
sphere). The original Kj,-symmetry is then lowered to C,. A second vertical half-
cut, 90° from the first slice, is then made from the bottom up to the equator. The
symmetry of the double-cut apple is now D, (386). The final steps are two consec-
utive clockwise 387 (or two anticlockwise 388) nonadjacent equatorial quarter-
cuts that produce two 90° arcs. The chiral sense of the pair of C,-symmetry apple
halves is determined by the tropicity of these two lateral quarter-cuts. The net
result of the Coupe du Roi bisected assembly 378 is that all symmetry trans-
formations inverting the handedness of the two half-subunits (i.e., those of the
Second Kind) have been effectively removed from the original sphere. The C,-axis
between the pair of chiral apple halves obligates them to be homochiral (see the
377 pair).
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Kurt Mislow (after a trip to Paris to see Hoareau) challenged his group to
find some chemical relevance to La Coupe du Roi during one of the weekly
meetings in Princeton in 1978. The result was three very different approaches to
this subject. Franco Cozzi returned to Italy and published, along with Cinquini
et al. [229], an elegant chemical analogue of a Coupe du Roi bisection. Achiral
cis-3,7-dimethyl-1,5-cyclooctanedione (C,,-symmetry, 389) was transformed
via a double Baeyer—Villiger oxidation into a diastereomeric mixture of chiral
(#)-cis-4,9-dimethyl-1,6-dioxacyclodecane-2,7-dione (C,-symmetry, 390) and an
achiral C;-symmetry constitutional isomer 391. The two products were readily
separated by column chromatography, and then the racemic ring-enlarged diester
390 underwent subsequent LiAlH, reduction to yield two identical molecules of
asymmetric (2-methyl-1,4-butanediol, 392). One should not be concerned that
diol 392 is racemic since each (+)-or (—)-diester only affords homochiral diols.
Had the Italian chemists so desired, they could have reduced the separated 391
and obtained a 2-methyl-1,3-propanediol and 3-methyl-1,5-pentanediol product
mixture.
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Five years earlier, Anet, Mislow, and coworkers [230] published a retro Coupe
du Roi example inspired by the observation of chiral discrimination in ensembles
composed of either a pair of C,-symmetry homochiral apple halves or a pair of
C;-symmetry heterochiral enantiomorphs. In the Mislow—Anet work, an achiral
C,,-symmetry cis-dimer was produced in a stereospecific manner by self-coupling
of (+)-4-(bromomethyl)-6-(mercaptomethyl)[2.2]metacyclophane [230]. On the
other hand, self-coupling between a pair of enantiomers in a racemic mixture
produced the diastereomeric C,;,-symmetry trans-dimer [230]. This same chiral
discrimination has been seen already when the homochiral pair (377) reforms
the original D,-symmetry bisected apple, but the highest symmetry that the het-
erochiral pair (375, 376) can exhibit is a C;-symmetry assembly.

Another intriguing aspect of La Coupe du Roi is the symmetry basis for the
homochirality of the halves produced by the apple’s chiral bisection of an achiral
object. Plexiglas (Perspex) Coupe du Roi cubes were constructed to eliminate
undesirable rapid air-oxidation of cut apples (R. Glaser, unpublished results). One
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evening, a chiral right-handed half-cube was translated upward and its bottom
vertically stacked upon its partner’s head to afford a very amazing (and totally
unexpected) right-handed 4, -summetry full-turn helical segment 380 [224, 225].
With this knowledge in hand, a literature search for 4,-symmetry duplexes and
65-symmetry triplexes uncovered the two chemical examples discussed earlier
(385 and 388). During a later scientific visit to Cordoba, Argentina (2007),
the lapidary artisan Sr Miguel Castillo was requested to produce a set of very
esthetically pleasing lapis lazuli blue-color Coupe du Roi oppositely cut cubes
(see 4,-symmetry 393) that readily separated into homochiral halves (394) and
then could be stacked (395).

393 394 395

The chemical relevance of the Coupe du Roi apples is that they represent a read-
ily obtainable model for P2n, space group unit cells of parallel 27,-multiplexes.
With dexterity (and a modicum of practice), an apple can be trisected to afford
a 6,-triplex assembly of homochiral apple thirds. On a very practical level, most
of the time our daily laboratory successes cannot be readily communicated to the
important (nonchemist) people sharing our daily lives. A common bond with our
audience can be created by an impressive after-dinner demonstration of chiral
apple cutting and a brief explanation of its chemical and symmetry significance.
Try it out.

17.4
Intermeshing Molecular Threefold Helices: Symmetry, Chemical, and Phase
Considerations

We have discussed the handedness of intertwining multiplexes in the previous
chapter, but what about a braid? It is something we all know, but can one describe
its handedness? Photograph 396 is a 10-wick Havdalah candle composed of five
braided twinned-candle strands lighted by Hebrews on Saturday night to signify
the separation of the Sabbath from the beginning of the secular week. A careful
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inspection shows that the braiding process reverses the handedness of each
strand.

Both heterochiral and homochiral screws can intermesh in the macro world.
This intermeshing is the well-known “tongue-in-groove” phenomenon of station-
ary objects and gears. Like the nestling of ensembles of homochiral apple halves
noted earlier, it also represents another classic example of chiral recognition
(otherwise referred to as chiral discrimination). Heterochiral single helices
(M- on the left and P- on the right in 397) readily intermesh over their entire
length to form a construct with parallel axes. Homochiral single helices undergo
only local intermeshing in which the axes are skewed (398). Plastic models show
that a mirror-image heterochiral pair arrangement must have the phase of one of
its partners changed by 120° to enable lateral intermeshing.

397 398

Similarly, C;-symmetry gear wheels also show chiral discrimination in which
a heterochiral pair intermeshes over its entire length (399) and exhibits paral-
lel axes, while the tongue-in-groove interaction is localized in the homochiral
analogue 400. Drawing 401 depicts a heterochiral C,,-symmetry mirror-image
arrangement of laterally abutting triple-helices that has been desymmetrized to
i-symmetry by coloring the three strands (or tongues) of one end of each triple-
helix black. The two enantiomorphous nonpalindromic helices are out of phase
and, thus, clearly cannot undergo intermeshing. Comparison of 399 and 401 will
show that the M-triple helix on the left in 401 has to be rotated by 60° to enable
the intermeshing depicted in 399. Note also that a phase change is a mechani-
cal constraint and not a symmetry operation. Successful lateral intermeshing in
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401

399 results in the loss of the inversion relationship in 401 and has removed all
symmetry equivalence between the two triple helices, thereby making them dias-
teromorphous when intermeshed.

The remainder of this section discusses an elegant chemical example of inter-
meshing triple helices. It is based upon the preparation, by David Perkins and
Leonard Lindoy (University of Sydney), of a cage compound with a tripod-type
cap at each end (402). The relatively flexible free ligand was achiral as shown by
two methylene-proton time-averaged singlet resonances at either 298 or 318 K:
6 2.80 (CH,N-) and 6 5.02 (CH,0-) [231, 232]. The dynamic enantiotopic rela-
tionships result in isochronicity for each set of methylene protons as a result of
rapid conformational interconversion affording time-averaged D,;, symmetry. The
ligand then becomes rigid as a result of divalent metal (Ni'!, Cul!, Fe!!, and Mn'!)
binding to the three o,0’-bipyridinyl units to produce a tris-chelate three-bladed
propeller with chiral (4,4)-geometry. The chiral propeller’s (4,4)-helicity then
induces the appropriate twist sense into each of the salicyl terminal units on either
side whereby enabling the entire molecule to concertedly coil into a short triple-
helical rigid unit (403, 404,).
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Ligation of Fe! to the cage ligand (or to its open-end noncapped dialdehyde
precursor) generated a chiral complex whose 'H NMR shows AB-quartets that
now testify to the presence of chemical shift nonequivalent methylene protons,
that is, a chiral molecule. The methylene-proton’s anisochronicity was attributed
by the Australian group to a fixed conformation in the case of the cage-complex
and to restricted rotation about the Ar—CH,—O bonds in the open-end dialdehyde
(nontripod capped) precursor [231, 232]. However, there is absolutely no need to
propose a “restricted rotation” argument since the chiral propeller rigid geometry
of the dialdehyde metal-complex generates diastereotopic AB-methylene protons
even under conditions of complete rotational freedom about the unconstrained
aforementioned bonds.

Structures 403 and 404 (Refcodes ECAKAV [232] and IRACIN [231]) depict
the respective Fe!l and Nil! complexes as determined by X-ray crystallography. The
Mn'! and Cu!! complexes are isostructural with their respective 403 and 404 ana-
logues. Inspection of the structure’s termini shows two structural types differing in
the syn-/anti-tropicity of the tripod’s lone pair toward the metal and concomitant
tert-butyl exo-/endo-orientation (see 405 and 406). One can imagine a downward
force on the anti-to-metal tripod nitrogen lone-pair resulting in the parallel-to-
axis endo-oriented tert-butyls (Ir'!/Cull, 406) springing outward to more sterically
demanding lateral exo-dispositions in the syn-to-metal tripod nitrogen lone-pair
Fe''/Mn! complexes 405. This explanation appears to be consistent with the find-
ing that 407’s asymmetric unit contains a dimer of two heterochiral helical inter-
meshed units, whereas the steric barrier of the laterally exo-oriented tert-butyls
in the 405 complex most likely prevents intermeshing.

Inspection of the beautiful Ir'! (IRACIN, 407) intermeshed crystal structure
provided the impetus for a detailed stereochemical study of the crystal structure
[233], since this was lacking in the literature. Analysis of the structure showed
that eleven 5.6(7) A centroid,;, ,- - -centroid, ;, ; mean distance edge-to-face
aromatic—aromatic electrostatic interactions were responsible for the intermesh
phenomenon in 408. These omnipresent interactions in protein structures have
been extensively commented upon by Burley and Petsko [136].
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408

The first point that had to be addressed was “were the intermeshing helices
407 related as enantiomers” as claimed by the Lindoy group in their first article
of 2004 where it was stated “one enantiomer slots into the groove of the comple-
mentary enantiomer” [231]. In the second article, it was written “two crystallo-
graphically independent complexes, each located on a threefold axis and having
opposing helical twists ... define a dimeric unit” [232]. However, from this present
text, it is very clear that symmetry relationships may #ot exist between multiple
molecules within an asymmetric unit by definition, no matter if it resides within a
kryptoracemate chiral crystal or in 407’s trigonal P—3 space group achiral crystal.
Therefore, logically, the dimer is simply composed of two oppositely handed sim-
ilar structure diastereomers.

Let us take a close look at IRACIN’s 60° acute angle rhomboid-base prism unit
cell, (Z=4, Z' =0.67, and Z/Z' =6) (see 409). Sides a =b, and the unique unit-
cell length c¢ is perpendicular to the rhombic base. The 120° obtuse angle of the
rhomboid base may be mentally bisected so that the unit cell now contains two
parallel adjacent equilateral triangular subprisms sharing a common face con-
taining the short diagonal. The center axis of each prism (parallel to side ¢) is a
threefold rotation axis (see 409). Each intermeshed triple-gear molecule occupies
a different special position of threefold rotational symmetry (hence Z' = 0.67), i.e.
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each occupies a different laterally adjacent C;-axis. Centers of inversion coincide
with the midpoints at each of the five rectangular sides, and obligate the gear-like
molecules to be heterochiral. The cell’s four ¢ sides are also threefold rotation-axes
and inversion centers are located at their midpoints. In other words, the c-sides
are inversion triads (rotoinversion axes, that is, the coincidence of an inversion
center on a Cj-axis). The coincidence of a three-fold rotation and the inversion
center is depicted by a special symbol consisting of a white equilateral triangle
with a dot at its center. Noncoordinating [PF,]™! anions occupy special positions
of rotoinversion symmetry on these axes, plus one general position.

If only one triplex occupied a different special position of threefold rotational
symmetry and they were related by the inversion center on the common diag-
onal face between them, then the volume of the unit cell would comprise one
d,l-pair, that is, two specially positioned triple-helices, and the asymmetric unit
would be only one-third of a single molecule: Z =2, 7' =0.33, Z/Z' = 6. But, how
would these enantiomers intermesh? They could not be laterally adjacent to each
other since there would be a phase mismatch as in 401. One of them would have to
move one-quarter of the c-distance upward on the equilateral subprism’s central
C;-axis while the enantiomer moves one-quarter of the distance downward (see
410) in the subprism’s lateral neighbor. In this manner, the inversion center on
the midpoint of the common face between the two subprisms would indeed relate
the molecules as bone-fide enantiomers that could intermesh. However, the elec-
trostatic interaction nature of the interhelical glue has already been discussed. So,
how reasonable is it for a d,/-complex to share only a common one-half molecule-
length intermeshing region? Answer: not very reasonable at all! Obviously, the
greater the overlapping intermeshing region, the larger the number of possible
edge-to-face interactions. In addition, unacceptable void regions would be created
within the crystal.

Moreover, the crystallographer notes that actual unit-cell volume holds four
specially positioned C;-symmetry molecules, so Z=4, Z' =0.67, Z/Z' =6. We
already know that the asymmetric unit comprises two diastereomeric one-third
molecules since this is what is observed. There is a distinct advantage that
homochiral helices be vertically stacked upon a single triangular sub-prism’s
central Cy-axis. Why? If there is a ~60° phase difference mechanical constraint
between the two differently colored stacked homochiral triplexes as in 411,
then the inversion center on the rectangular face common to the two triangular
subprisms will now generate the enantiomeric stacked pair on the C;-axis of
the second subprism. Is this good? It is not only good, but wonderful! Why?
If the interaxial distance is appropriate (and it is due to the many electrostatic
edge-to-face interactions, that is, a chemical constraint), then two laterally
adjacent one-third (P)-A and (P)-B units will have the auspicious 60° phase
difference required to intermesh over almost all their entire lengths (actu-
ally ~90% of their length since there is no symmetry requirement that it be
100%). In this manner, we now understand why the unit cell contains Z=4
complexes [(P)-A, (P)-B, (M)-A, (M)-B], the asymmetric unit Z' =0.67 (e.g.,
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0.33 (P)-A plus 0.33 (P)-B), and Z/Z' =6 required by the P3 space group

symmetry.
plexes as a dimer is really a gross underestimation. Why? Answer: the C;-axis
makes the three strands (“tongues”) and three grooves of each molecule

symmetry equivalent. Figure it out. In other words, each (P)-A complex has

The story gets even better. The Australian group’s description of the com-

three intermeshed (M)-B neighbors, and in turn, each (M)-B neighbor has
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three intermeshed (P)-A complexes. Therefore, the crystal is a supramolecular
self-assembly of intermeshed (P)-A:(M)-B complexes sandwiched between
inversion-symmetry related layers of enantiomeric (M)-A:(P)-B moieties and vice
versa. Nature indeed has an elegant esthetic sense of crystal engineering, and
what a pity not to tell the story.

Finally, what are the odds of finding a crystal exhibiting homochiral intermesh-
ing? After all, the crystallization solution was a racemic mixture of triple-helix
chiral complexes. Answer: not very high since the crystallization process is under
thermodynamic control. We know that parallel axes of two heterochiral crystalline
complexes enable intermeshing along most of the helices’ length. But, on the other
hand, homochiral helices are expected to be less stable since their edge-to-face
intermeshing can only occur within a limited local region. This is another elegant
example of chiral discrimination.

17.5
X-Ray Fiber versus Single-Crystal Diffraction Models

In 2013, an atomic-resolution single-crystal structure of an oligo(rA)-oligo(rA)
11-mer was published by Safaee, Wilds, Sheldrick, Gehring, and coworkers [234]
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(Protein Data Bank entry 4JRD), and the homotopic grooves predicted 50 years
earlier by fiber diffraction [223] of poly(rA)-poly(rA) were indeed observed. The
molecule crystallized in the P4,2,2 tetragonal chiral space group and occupied a
general position of symmetry. The asymmetric unit contained one complete dou-
ble helix of parallel 11-mer strands and exhibited segments of 4, pseudosymmetry
tetranucleotide duplexes. An important probe of 4,-symmetry is the fidelity of the
C,-pseudosymmetry axis that is coincidental to the 4,-pseudosymmetry axis. The
most regular tetramer was excised out of the 4JRD oligomeric duplex in order to
remove the single crystal structure’s end base pairs, which are slightly distorted
and hence less representative of an extended polymer segment. Centroids of cor-
responding atoms from 131 pairs were calculated. The mean distance of the 131
centroid points from the C,-pseudosymmetry axis statistical “best line” (see 412)
was only 0.49(26) A, which is fully consistent with the 4,-pseudosymmetry. Super-
imposition of the asymmetric poly(rA)-poly(rA) tetranucleotide segment crystal
structure upon the corresponding 4,-symmetry diffraction space-averaged model
(381) gave an RMS difference of 0.427 A, which is quite reasonable considering
that different experimental conditions that were utilized.
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17.5  X-Ray Fiber versus Single-Crystal Diffraction Models

The atomic resolution of molecular structural models of oligonucleotide
duplexes based upon single-crystal X-ray crystallography is not the only
structural parameter that differs from the space-averaged models of a corre-
sponding oriented long fibrous polymer. The end segment possesses a structural
freedom that clearly is lacking in the polymer segment under bombardment
by X-rays. When considering the Watson—Crick double helix model, there
was a space average of the different lateral diameters of the dA:dT and dC:dG
base pairs, and each base pair was artificially constrained to be ideally coplanar.
In addition, the less regular ends of the fiber were never irradiated, so end
geometries exhibiting increased structural freedom did not influence the model
building efforts. The single-crystal oligonucleotide duplexes in the Protein Data
Base provide a wealth of structural information lacking in the fiber diffraction
space-averaged models. Nevertheless, in their time, these models enabled molec-
ular biology to progress beyond the imagination of the model builders. Why?
Their basic dimensions and structural hypotheses were correct (even if they were
a bit “fuzzy,” and perhaps “myopic,” so that atomic resolution was lacking). It is
awe-inspiring that with metal models that reached from floor-to-chest height
in the Langridge laboratory, fiber diffraction crystallographers were able to
determine the space-averaged structure of numerous polynucleotide duplexes
that have withstood the test of time vis-a-vis today’s atomic resolution oligomeric
structures. As an anecdote of those times, when the “powers that be” refused
Langridge’s request for more model building space, ingenuity stepped in, and the
novel idea was born that “perhaps we can build a DNA model in a computer.”
Using a US Navy line-drawing console and a PDP-8 Computer filling up most
of the adjoining room, the author had the pleasure to be present in 1971 when
Arthur Lesk put the first DNA structure on the black-and-white screen, and
we all proceeded to look from the ends (and from the sides) at this veritable
marvel of technology (R. Glaser, unpublished results). Now, we do it on our own
desktop computers whenever we desire. Then, there were no molecular graphics
programs. We have indeed come a long way.
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achiral helical arrangements

— asymmetric units 274

— mechanical constraints 276

— 2n,, descriptors 273

— poly(rA)-poly(rA) parallel double-helix
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achirotopic stereogenic carbon 114

‘acide racémique’ 47

active pharmaceutical ingredients (API) 35,

200, 229

adamantane-1-NMe3 264, 265

AFMX four-spin system 210

amorphous ‘frozen-liquid’ 53

angiogenesis 28

a- or f-anomeric configuration

— furanose-ring anomeric hydroxyl group
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— L-galactopyranose 64

antagonists 230

Anti-Octant Rule 10

antiperiplanar-type torsion angle 38

API see active pharmaceutical ingredients

(API)

asymmetric carbon atom 113

asymmetric unit

— C3-pseudosymmetric triangular array
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— crystallographic pseudosymmetry 149

— diastereomers 151

— dynamic disorder in crystals 222

— multiple molecules 149

— RMS superimposition values 151

— (R)-symmetry cations 150

atom flipping 222

attention deficit disorder (ADD) 237

attention deficit hyperactivity disorder
(ADHD) 237
Avnir CSM distortion indices 188
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Baeyer-Villiger oxidation 279

Beer-Lambert law 70

bioactive conformation 231, 232

Biot’s law 45

Bragglaw 139

Brazilian twin 55

Brownian motion 165, 193

Buscopan® 196

13C CP/MAS (cross polarization/magic angle
spinning) pulse sequences 164

C

charge coupled device (CCD) detectors
142

chemical shift anisotropy (CSA)
line-broadening 193

chiral axis 113

chiral local site-symmetry 115

chiral or asymmetric center 113

chiral periodic arrays, see also periodic arrays

— and chiral crystal array 134

— chiral space groups 133

— general position of symmetry 135

— high fidelity pseudosymmetry 135

— molecular structure 134

— Pasteur’s crystallization 132

— Sohncke space groups 133

chiral plane 113

chiral propellers 176

chiral zero 33

Symmetry, Spectroscopy, and Crystallography: The Structural Nexus, First Edition. Robert Glaser.
© 2015 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2015 by Wiley-VCH Verlag GmbH & Co. KGaA.
Companion Website: www.wiley.com/go/Glaser/Symmetry

301



302

Index

chirality, see also symmetry/
psuedosymmetry

— achiral geometries 15

— amino acid chirality 23

— Cotton Effect’s sign 10

— drug therapy see drug therapy, chirality

— extraterrestrial macro-scale chirality

— — Jovian Great Red Spot 21, 22

— — Martian dust devils 20

— spiral galaxies 20

— — Venusian South Polar Giant Vortex 23

— — gastropods 18

— gustatory (taste buds) 26

— olfactory receptors 26

— pheromones 25

— progestin norethindrone, first oral

contraceptive drug 10

— stereochemistry 10

— structural property 9

— symmetry vs. broken symmetry

— — Gakuen Spiral Towers building 16

— — Mercedes House 17

— — golden ratio 16

— tropical storms’ tropicity 18

chiroptical properties

— circular birefringence 68

— circular dichroism (CD) 74

— crystallography 74

— enantiomer’s configuration, gas phase 82

— isomerism 67

— Optical Rotatory Dispersion (ORD) 71

Chloride - Dihydrate quaternary ammonium
salts 221

circular birefringence 45

— index of refraction, concept 70

— in-phase helical pathways 68, 69

— monochromatic light source 69

— non-phase restricted parallel helices 69

— photon locations 69

— quantum-mechanical phenomenon 68,

69

— symmetry mismatch 70

circular dichroism (CD)

— chiral medium 73

— elliptical polarized light 73

— molecular ellipticity 74

— photon locations 72

cis-geminal coupling 107

complex multiplet 207

computer assisted drug design see x-ray
crystallography

computer assisted molecular modeling
(CAMM) see pharmacophore method,
drug design
conformational searches 234
conformationally polymorphic crystals 232
constitutional isomers 67
contact time period 166
Continuous Shape Measures (CShM) 13
‘Continuous Symmetry Measures’ (CSM)
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Cotton Effect 71
Cotton Effect’s sign 10
Coulomb explosion imaging (CEI) 82
cross polarization (CP) process 167
cross polarization/polarization inversion
(CPPI) 194
cross-polarization (CP) 193
Crystal Structure Based Rational Design
method 263
crystal, definition 148
crystallography
— fractional coordinates 74, 75
— hexagonal symmetry 77,78
— Miller indexes 75
— rotational symmetry 76
— Scanning Tunneling Microscope (STM)
74
cubane
— adamantine, Tcy value 167
— Boltzmann distribution of nuclei 165
— cross polarization (CP) process 167
— phase coherence 166
— ‘plastic crystals’ 166
— radio frequency (RF) 165
— relaxation mechanisms 165
— solid-state NMR spectroscopy 164
Curtin-Hammett principle
— Z-a-benzamidocinnamic acid 106
— CH;3 OC(=0)- methoxy carbon 108
— chiral diphosphines 109
— cis-geminal coupling 107
— cis-hydrogenation, kinetically controlled
108
— cyclopropyl analogue 105
— diastereomeric transition-states 109
— -menthyl/(—)-bornyl chiral ester substrates
104
— methyl a-acetamidocinnamate, re-si
prochiral face 106, 107
— N-acetyl-(R)-phenylalanine ethyl ester
product 110
— 31PTH NMR spectroscopy 106



— [Rh/(DIPHOS)]*. BF, n-complex
bounding 110

— (R,R)-trans-1,2-cycloalkyl analogues 105

— slow magnetic site-exchange

line-broadening 106

(S,S)-DIPAMP catalyst 109

— stereogenic carbons 104

— stereogenic phosphorus atoms 104

cyclononenes 214

cyclooctenes, olefinic stereochemistry 214

d

Density Functional Theory (DFT)

desymmetrization

— Avnir CSM distortion indices 188

— chemically significant divergences 188

— chiral space group lattice 186

— diffraction pattern 163

— dirubidium closo-dodecaborate 163

— distortion, Avnir CSM programs 161

— dodecahedrane 162

— high symmetry point groups 161

— partial desymmetrization 163

— platonic-solid geometry compounds
187

substituted Platonic-solid geometry
molecules 188

79,215

— symmetry equivalent methyl groups
186

— symmetry point group’s order 161

diamantane-4,9-di(NMe3) 265

diastereomers 67, 115
dihedral angles
— NMR data 34

— torsion angles 35
3,5-dimethyladamantane-1-NH; Cl 258
dipolar line-broadening 193

divalent anions

— lobeline 189, 190

— hydrogen-bonding template 191

— monoammonium conformations 191
— muscarine 189

— nicotine 189

— ring hydrogen-bonding pattern 190
dodecahedrane 145

— desymmetrization 162

— mobility 166

— solids-NMR technique 164
dodecahedrane see also cubane
dopamine (DA) reuptake

— cocaine

Index

— — ammonium NH proton 242

— — aromatic ring centroid 241

— axial NH back-bridged analogue 243,
244

— — equatorial NH ‘front-bridged’ 242

a-iso-pentyl methylphenidate-surrogate

incorporation 252

— non-N-methylated compound 252

— ritalin’s concentration 241

— site pharmacophore 233

drug therapy, chirality

— angiogenesis 28

— clinical trials 30

— electrostatic interactions 28

— embryopathy 27

— enantiomeric purity 27

— ethical drugs 30

— peniciliamine 27

— phocomelia 30

— placebo effect 31

— thalidomide 27,29, 30

— transcription 28

— transcription factor 28

dynamic disorder in crystals

— asymmetric unit 222

— atom flipping 222

— atom-flip BB/TCC dynamic
conformational interconversion 228

— lattice expansion 222

— local magnetic fields 228

— gem-N,N-dimethyl quaternary ammonium
salts 222

— medium rings, conformational
interconversion mechanism 222

— methohalide isostructural crystals
226

— nefopam methohalide quaternary
ammonium ions 223

— non-quaternary and non-methyl
suppression (NQS) partial spectrum
226

— space filling 222

— spin-lattice relaxation time constant 227

— synclinal torsion angles 222

dynamic light scattering (DLS) 184

dynamic NMR (DNMR)

— cyclohexane ring-inversion 94

— diastereomeric C,-symmetrical
trans-1,2-dicholorocyclohexane
invertomers 94

— diastereomerization 95

— diastereotopic anisochronous signals 90
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dynamic NMR (DNMR) (contd.)

— diltiazem - HCI, dissolution 97

— enantiomeric cis-1,2-dichlorocyclohexane

invertomers 94
— ethyl-group diastereotopic
methylene-protons 97

— interaction distance 90

— intrinsic diastereotopism 98

— magnetic site exchange permutations 93

— peak’s line-width 90

— rotamers 92

— Slow Exchange Limit (SEL) 90

— sterically-hindered bond-rotation 96

— temperatures exchange rates 92

— time scale 90

— topomerization 93

— variable-temperature 90, 91

e

ebola virus 9

ECD see electronic circular dichroism (ECD)

electronic circular dichroism (ECD) 185

embryopathy 27

enantiomerization 94

enantiomers 42

enantiomorphous 50

enantiotopic subunits, prochirality see
prochirality

end group modified retro-inverso (EGMRI)
transformations 123

endocyclic dihedral angles 219

endocytosis 9

B-endorphins 123

ethano-bridge enantiomerization see
T-symmetry chiral organic molecule

ethical drugs 30

exohedral guests 178

f

fast magnetic site exchange broadening
temperature conditions 181

ferritin 185

fragrances 26

gas-liquid chromatography chiral columns
23

golden ratio 1, 3, 16, 146, 147

Group Theory 4

'H CRAMPS (combined rotation and
multiple pulse sequence 164

h

helical stereochemistry

- B-DNAZ! 269

— 3; screw displacement 271, 272

— 3, spatial arrangement 272

— translation and rotation, components
269

— Z-DNA 269

hemihedralism, crystalline tartaric acid salts

— ‘acide racémique’ 47

— amorphous ‘frozen-liquid’ 53

— chiral crystals, conglomerate 51

— isomerism 47

— molecular chirality 51

— asmordant 46

— optical activity 48

— optical rotation and crystal properties 48

— paratartaric acid 47

— phenomenon of dissymmetry 53

— polymorphism 49

— sodium ammonium paratartrate 49

“Herkimer diamonds” 42

high-fidelity pseudosymmetry 135

— concept of chirality 15

— Continuous Chirality 13

— Continuous Shape Measures (CShM) 13

— ‘Continuous Symmetry Measures’ (CSM)
13

— genuine symmetry, distortions 13

— pseudosymmetry fidelity 11

— reflection symmetry 11

— “Vitruvian Man’ 11

— X-symmetry 13,14

homomers 67

homotopic symmetry equivalent protons

215
hybridization index 39
hybridization of atomic orbitals 39

i

integrins 8

interferogram phenomenon

— charge coupled device (CCD) detectors
142

— data measurements 141

— diffraction pattern 140

— direct methods 142

— final residual discrepancy index or R-factor
143

— Fourier transformation 140, 141

— isotropic or anisotropic parameters 142



— iterative calculation process (refinement)
142, 143

— Karle-Hauptman tangent formula 142

— phase problem, X-ray crystallography
142

— riding method 143

— sphere of reflection 140

intermeshing molecular helices

— chemical constraint 287

— dimer, complexes 288

— electrostatic interaction 287

— enantiomers’ 286

— Fell and Ni'! complexes 285

— heterochiral and homochiral screws 282

— homochiral intermeshing 289

— inversion symmetry 287

— Ir'" crystal structure 285

— mechanical constraint 282, 287

— Mn" and Cu!' complexes 285

— three-fold rotational symmetry 287

— triple helices 283

International Union of Crystallography 148

isomerism

— anisometric isomers 67

— bonding parameters 68

— diastereo-isomerism 68

— isometric isomers 67

isosteric replacements 251

I-symmetry of viral capsids

— asymmetric and chiral 7

— capsid’s structure 7

— dissymmetric 9

—ebola 9
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contraceptive drug 10
Protein Data Base 291
proton-proton vicinal coupling constants
207
pseudoasymmetric carbon atoms 114
pseudoscalar phenomenon 33
pseudosymmetry see
symmetry/psuedosymmetry
pseudosymmetry emulation
— Avnir inv.exe program 155
— chiral crystal lattice 152
diphenhydramine derivatives 159, 160
— intermolecular pseudosymmetry fidelity
151, 155
— iron(II) complex 159
— kryptoracemates 152
— N-desmethylnefopam.HCl kryptoracemate
molecules 156
— n-glide reflection pseudosymmetry 156
— P2,/c, nature’s favorite space group 153
— pseudoglide or pseudoscrew-rotation
157
— pseudoinversion symmetry 153
— ring hydrogen-bonding pattern 154
— rmS(inversion dislocation) 156
— Second Kind, operations 152
— X-pseudosymmetry, rmS(X) calculations
159

q

quartz crystals hemihedralism

— circular birefringence 45

— Dj chiral pseudosymmetry 43

— Dj, and Dg, achiral symmetry 42
— double-headed 42

— ‘enantiomorphism in quartz’ 43

— enantiomorphous 42

— hemihedral faces 43

— holohedral faces 42

— optical rotation 45

— subgroups 44

quartz crystals, #’, x’-hemihedral faced right-
and left-handed 54

quazicrystal packing 146

r

racemic compound crystal lattices 132

refinement 142, 143

retro-inverso (RI) isomers

— boat-boat chiral conformation 124

— end group modified retro-inverso
(EGMRI) transformations 123

— partially modified retro-inverso (PMRI)
123

— peptide transformations

— pharmacokinetics 122

— ring-chirality 124

— stereogenic element 124

rigid conformational analogue 232

ritalin 237, 239, 240

122,123

S

saturated medium rings 214

sausage formulae, benzene six carbon atom

56

Scanning Tunneling Microscope (STM)

— Cu-surface electrode 81

— Density Functional Theory (DFT) 79

— desymmetrization 81

— homochiral dimers 82

— mechanical cleavage or electrochemical
etching 78

— molecular chirality 81

— organizational chirality 79

— pseudosymmetry 81

— quantum mechanical phenomena 78

— quantum tunneling 78,79

— symmetry relationship 74

Scopolamine Hydrobromide

— anhydrate and hydrated forms 201

— API (active pharmaceutical ingredient)
200

— Atropos Belladonna 191

— Boehringer-Ingelheim and Phytex samples
199

— bromide vs. chloride anions 202

— Brownian motion 193



— conformational structure 194
— CPPI (cross polarization/polarization
inversion) 194
— desolvated crystals 203
— n-flip kinetic phenomenon 196, 197
— and HCl salts 195
— hydrogen-bond donors 203
— hydrophobic collapse 195
— magic angle spinning (MAS) 193
— SELTICS pulse-program 198
— single crystal X-ray diffraction 192
— solid-state CP/MAS 3C NMR
spectroscopy 197
— solid-state NMR spectroscopy 193
— ‘trihydrate’ form 197, 200
— variable amplitude cross polarization
(VACP) pulse-program 198
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inhibitors (SDRI)
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solid-state NMR spectroscopy
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