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1.1: The Periodic Table

The nuclear atom

The precise physical nature of atoms finally emerged from a series of elegant experiments carried out between 1895 and 1915. The
most notable of these achievements was Ernest Rutherford's famous 1911 alpha-ray scattering experiment, which established that

— nucleus

N
"electron

/ cloud"
\

1‘\ /' 95% probability
A g of electron
confinement

o Almost all of the mass of an atom is contained within a tiny (and therefore extremely dense)nucleus which carries a positive
electric charge whose value identifies each element and is known as the atomic number of the element.

o Almost all of the volume of an atom consists of empty space in which electrons, the fundamental carriers of negative electric
charge, reside. The extremely small mass of the electron (1/1840 the mass of the hydrogen nucleus) causes it to behave as a
quantum particle, which means that its location at any moment cannot be specified; the best we can do is describe its behavior
in terms of the probability of its manifesting itself at any point in space. It is common (but somewhat misleading) to describe
the volume of space in which the electrons of an atom have a significant probability of being found as the electron cloud. The
latter has no definite outer boundary, so neither does the atom. The radius of an atom must be defined arbitrarily, such as the
boundary in which the electron can be found with 95% probability. Atomic radii are typically 30-300 pm.

Protons and neutrons

The nucleus is itself composed of two kinds of particles. Protons are the carriers of positive electric charge in the nucleus; the
proton charge is exactly the same as the electron charge, but of opposite sign. This means that in any [electrically neutral] atom, the
number of protons in the nucleus (often referred to as the nuclear charge) is balanced by the same number of electrons outside the
nucleus.

Because the electrons of an atom are in contact with the outside world, it is possible for
one or more electrons to be lost, or some new ones to be added. The resulting electrically-
charged atom is called an ion.
The other nuclear particle is the neutron. As its name implies, this particle carries no electrical charge. Its mass is almost the same

as that of the proton. Most nuclei contain roughly equal numbers of neutrons and protons, so we can say that these two particles
together account for almost all the mass of the atom.

Atomic Number (2)

What single parameter uniquely characterizes the atom of a given element? It is not the atom's relative mass, as we will see in the
section on isotopes below. It is, rather, the number of protons in the nucleus, which we call the atomic number and denote by the
symbol Z. Each proton carries an electric charge of +1, so the atomic number also specifies the electric charge of the nucleus. In the
neutral atom, the Z protons within the nucleus are balanced by Z electrons outside it.

https://chem.libretexts.org/@go/page/30243
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Moseley searched for a measurable property of each element that increases linearly with atomic number. He found this in a class of
X-rays emitted by an element when it is bombarded with electrons. The frequencies of these X-rays are unique to each element,
and they increase uniformly in successive elements. Moseley found that the square roots of these frequencies give a straight line
when plotted against Z; this enabled him to sort the elements in order of increasing atomic number.

You can think of the atomic number as a kind of serial number of an element, commencing at 1 for hydrogen and increasing by one
for each successive element. The chemical name of the element and its symbol are uniquely tied to the atomic number; thus the
symbol "Sr" stands for strontium, whose atoms all have Z = 38.

Mass number (A)

This is just the sum of the numbers of protons and neutrons in the nucleus. It is sometimes represented by the symbol A, so

in which Z is the atomic number and N is the neutron number.

Nuclides and their Symbols

The term nuclide simply refers to any particular kind of nucleus. For example, a nucleus of atomic number 7 is a nuclide of
nitrogen. Any nuclide is characterized by the pair of numbers (Z ,A). The element symbol depends on Z alone, so the symbol *Mg
is used to specify the mass-26 nuclide of magnesium, whose name implies Z=12. A more explicit way of denoting a particular kind
of nucleus is to add the atomic number as a subscript. Of course, this is somewhat redundant, since the symbol Mg always implies
Z=12, but it is sometimes a convenience when discussing several nuclides.

o— Mass number
=M
1 M9
atomic number

Two nuclides having the same atomic number but different mass numbers are known as isotopes. Most elements occur in nature as
mixtures of isotopes, but twenty-three of them (including beryllium and fluorine, shown in the table) are monoisotopic. For
example, there are three natural isotopes of magnesium: >*Mg (79% of all Mg atoms), >°Mg (10%), and *®Mg (11%); all three are
present in all compounds of magnesium in about these same proportions.
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Approximately 290 isotopes occur in nature. The two heavy isotopes of hydrogen are especially important— so much so that they
have names and symbols of their own:

H iH=D H=T

protium deuterium tritium

Deuterium accounts for only about 15 out of every one million atoms of hydrogen. Tritium, which is radioactive, is even less
abundant. All the tritium on the earth is a by-product of the decay of other radioactive elements.

Atomic weights

Atoms are of course far too small to be weighed directly; weight measurements can only be made on the massive (but unknown)
numbers of atoms that are observed in chemical reactions. The early combining-weight experiments of Dalton and others
established that hydrogen is the lightest of the atoms, but the crude nature of the measurements and uncertainties about the

formulas of many compounds made it difficult to develop a reliable scale of the relative weights of atoms. Even the most exacting
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weight measurements we can make today are subject to experimental uncertainties that limit the precision to four significant figures
at best.

The periodic table

The elements are arranged in a periodic table, which is probably the single most important learning aid in chemistry. It summarizes
huge amounts of information about the elements in a way that facilitates the prediction of many of their properties and chemical
reactions. The elements are arranged in seven horizontal rows, in order of increasing atomic number from left to right and top to
bottom. The rows are called periods, and they are numbered from 1 to 7. The elements are stacked in such a way that elements with
similar chemical properties form vertical columns, called groups, numbered from 1 to 18 (older periodic tables use a system based
on roman numerals). Groups 1, 2, and 13-18 are the main group elements, listed as A in older tables. Groups 3-12 are in the
middle of the periodic table and are the transition elements, listed as B in older tables. The two rows of 14 elements at the bottom
of the periodic table are the lanthanides and the actinides, whose positions in the periodic table are indicated in group 3.

Atomic Orbitals

An orbital is the quantum mechanical refinement of Bohr’s orbit. In contrast to his concept of a simple circular orbit with a fixed
radius, orbitals are mathematically derived regions of space with different probabilities of having an electron.

One way of representing electron probability distributions was illustrated in Figure 6.5.2 for the 1s orbital of hydrogen. Because W2
gives the probability of finding an electron in a given volume of space (such as a cubic picometer), a plot of W2 versus distance
from the nucleus (r) is a plot of the probability density. The 1s orbital is spherically symmetrical, so the probability of finding a 1s
electron at any given point depends only on its distance from the nucleus. The probability density is greatest at r = 0 (at the
nucleus) and decreases steadily with increasing distance. At very large values of r, the electron probability density is very small but
not zero.

In contrast, we can calculate the radial probability (the probability of finding a 1s electron at a distance r from the nucleus) by
adding together the probabilities of an electron being at all points on a series of x spherical shells of radius ry, ry, rs,..., Iy - 1, Iy. In
effect, we are dividing the atom into very thin concentric shells, much like the layers of an onion (part (a) in Figure 6.6.1), and
calculating the probability of finding an electron on each spherical shell. Recall that the electron probability density is greatest at r
= 0 (part (b) in Figure 6.6.1), so the density of dots is greatest for the smallest spherical shells in part (a) in Figure 6.6.1. In contrast,
the surface area of each spherical shell is equal to 4mr?, which increases very rapidly with increasing r (part (c) in Figure 6.6.1).
Because the surface area of the spherical shells increases more rapidly with increasing r than the electron probability density
decreases, the plot of radial probability has a maximum at a particular distance (part (d) in Figure 6.6.1). Most important, when r is
very small, the surface area of a spherical shell is so small that the total probability of finding an electron close to the nucleus is
very low; at the nucleus, the electron probability vanishes (part (d) in Figure 6.6.1).
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Concentric spherical shells

(a) 1s orbital imagined as an onion

529 pm
(most probable radius
for the 1s electron)

P2

(b) Probability density

47r?

(c) Spherical surface area

p2p2

(d) Radial probability - L
Distance from nucleus (r)

Figure 6.6.1 Most Probable Radius for the Electron in the Ground State of the Hydrogen Atom. (a) Imagine dividing the atom’s
total volume into very thin concentric shells as shown in the onion drawing. (b) A plot of electron probability density ¥2 versus r
shows that the electron probability density is greatest at r = 0 and falls off smoothly with increasing r. The density of the dots is
therefore greatest in the innermost shells of the onion. (c) The surface area of each shell, given by 4nr?, increases rapidly with
increasing r. (d) If we count the number of dots in each spherical shell, we obtain the total probability of finding the electron at a
given value of r. Because the surface area of each shell increases more rapidly with increasing r than the electron probability
density decreases, a plot of electron probability versus r (the radial probability) shows a peak. This peak corresponds to the most
probable radius for the electron, 52.9 pm, which is exactly the radius predicted by Bohr’s model of the hydrogen atom.

For the hydrogen atom, the peak in the radial probability plot occurs at r = 0.529 A (52.9 pm), which is exactly the radius
calculated by Bohr for the n = 1 orbit. Thus the most probable radius obtained from quantum mechanics is identical to the radius
calculated by classical mechanics. In Bohr’s model, however, the electron was assumed to be at this distance 100% of the time,
whereas in the Schrédinger model, it is at this distance only some of the time. The difference between the two models is
attributable to the wavelike behavior of the electron and the Heisenberg uncertainty principle.

Figure 6.6.2 compares the electron probability densities for the hydrogen 1s, 2s, and 3s orbitals. Note that all three are spherically
symmetrical. For the 2s and 3s orbitals, however (and for all other s orbitals as well), the electron probability density does not fall
off smoothly with increasing r. Instead, a series of minima and maxima are observed in the radial probability plots (part (c) in
Figure 6.6.2). The minima correspond to spherical nodes (regions of zero electron probability), which alternate with spherical
regions of nonzero electron probability.
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Figure 6.6.2: Probability Densities for the 1s, 2s, and 3s Orbitals of the Hydrogen Atom. (a) The electron probability density in any
plane that contains the nucleus is shown. Note the presence of circular regions, or nodes, where the probability density is zero. (b)
Contour surfaces enclose 90% of the electron probability, which illustrates the different sizes of the 1s, 2s, and 3s orbitals. The
cutaway drawings give partial views of the internal spherical nodes. The orange color corresponds to regions of space where the
phase of the wave function is positive, and the blue color corresponds to regions of space where the phase of the wave function is
negative. (c) In these plots of electron probability as a function of distance from the nucleus (r) in all directions (radial
probability), the most probable radius increases as n increases, but the 2s and 3s orbitals have regions of significant electron
probability at small values of r.

s Orbitals

Three things happen to s orbitals as n increases (Figure 6.6.2):

1. They become larger, extending farther from the nucleus.

2. They contain more nodes. This is similar to a standing wave that has regions of significant amplitude separated by nodes, points
with zero amplitude.

3. For a given atom, the s orbitals also become higher in energy as n increases because of their increased distance from the
nucleus.

Orbitals are generally drawn as three-dimensional surfaces that enclose 90% of the electron density, as was shown for the hydrogen
1s, 2s, and 3s orbitals in part (b) in Figure 6.6.2. Although such drawings show the relative sizes of the orbitals, they do not

normally show the spherical nodes in the 2s and 3s orbitals because the spherical nodes lie inside the 90% surface. Fortunately, the
positions of the spherical nodes are not important for chemical bonding.

p Orbitals

Only s orbitals are spherically symmetrical. As the value of I increases, the number of orbitals in a given subshell increases, and the

shapes of the orbitals become more complex. Because the 2p subshell has [ = 1, with three values of m; (-1, 0, and +1), there are
three 2p orbitals.
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Figure 6.6.3: Electron Probability Distribution for a Hydrogen 2p Orbital. The nodal plane of zero electron density separates the
two lobes of the 2p orbital. As in Figure 6.6.2, the colors correspond to regions of space where the phase of the wave function is
positive (orange) and negative (blue).

The electron probability distribution for one of the hydrogen 2p orbitals is shown in Figure 6.6.3. Because this orbital has two lobes
of electron density arranged along the z axis, with an electron density of zero in the xy plane (i.e., the xy plane is a nodal plane), it is
a 2p, orbital. As shown in Figure 6.6.4, the other two 2p orbitals have identical shapes, but they lie along the x axis (2p,) and y axis
(2py), respectively. Note that each p orbital has just one nodal plane. In each case, the phase of the wave function for each of the 2p
orbitals is positive for the lobe that points along the positive axis and negative for the lobe that points along the negative axis. It is
important to emphasize that these signs correspond to the phase of the wave that describes the electron motion, not to positive or
negative charges.

Nodal
plane ‘\ z

2,

Figure 6.6.4 The Three Equivalent 2p Orbitals of the Hydrogen Atom

The surfaces shown enclose 90% of the total electron probability for the 2p,, 2py, and 2p, orbitals. Each orbital is oriented along the
axis indicated by the subscript and a nodal plane that is perpendicular to that axis bisects each 2p orbital. The phase of the wave
function is positive (orange) in the region of space where x, y, or z is positive and negative (blue) where x, y, or z is negative.

Just as with the s orbitals, the size and complexity of the p orbitals for any atom increase as the principal quantum number n
increases. The shapes of the 90% probability surfaces of the 3p, 4p, and higher-energy p orbitals are, however, essentially the same
as those shown in Figure 6.6.4.

The number of valence electrons

The number of valence electrons of an element can be determined by the periodic table group (vertical column) in which the
element is categorized. With the exception of groups 3—12 (the transition metals), the units digit of the group number identifies how
many valence electrons are associated with a neutral atom of an element listed under that particular column.
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The periodic table of the chemical elements

Periodic table group Valence
electrons

Group 1 (I) (alkali metals) 1

Group 2 (II) (alkaline earth metals) 2

Groups 3-12 (transition metals) 2* (The 4s shell is complete and cannot hold any more electrons)

Group 13 (I1I) (boron group) 3

Group 14 (IV) (carbon group) 4

Group 15 (V) (pnictogens) 5

Group 16 (VI) (chalcogens) 6

Group 17 (VII) (halogens) 7

Group 18 (VIII or 0) (noble gases) g

* The general method for counting valence electrons is generally not useful for transition metals. Instead the modified d electron
count method is used.

** Except for helium, which has only two valence electrons.

Contributors

Dr. Dietmar Kennepohl FCIC (Professor of Chemistry, Athabasca University)

Prof. Steven Farmer (Sonoma State University)
William Reusch, Professor Emeritus (Michigan State U.), Virtual Textbook of Organic Chemistry

Organic Chemistry With a Biological Emphasis by Tim Soderberg (University of Minnesota, Morris)

1.1: The Periodic Table is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by LibreTexts.
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1.2: Bonding

Bonding Overview

Why are some substances chemically bonded molecules and others are an association of ions? The answer to this question depends
upon the electronic structures of the atoms and nature of the chemical forces within the compounds. Although there are no sharply
defined boundaries, chemical bonds are typically classified into three main types: ionic bonds, covalent bonds, and metallic bonds.
In this chapter, each type of bond wil be discussed and the general properties found in typical substances in which the bond type
occurs

1. Tonic bonds results from electrostatic forces that exist between ions of opposite charge. These bonds typically involves a metal
with a nonmetal

2. Covalent bonds result from the sharing of electrons between two atoms. The bonds typically involves one nonmetallic element
with another

3. Metallic bonds These bonds are found in solid metals (copper, iron, aluminum) with each metal bonded to several neighboring
groups and bonding electrons free to move throughout the 3-dimensional structure.

Each bond classification is discussed in detail in subsequent sections of the chapter. Let's look at the preferred arrangements of
electrons in atoms when they form chemical compounds.
=

an TEI 2 .
b a Sz . )
v P &2

YW w5 a

(a) (b)

Figure 8.1.1 G. N. Lewis and the Octet Rule. (a) Lewis is working in the laboratory. (b) In Lewis’s original sketch for the octet
rule, he initially placed the electrons at the corners of a cube rather than placing them as we do now.

Lewis Symbols

At the beginning of the 20th century, the American chemist G. N. Lewis (1875-1946) devised a system of symbols—now called
Lewis electron dot symbols, often shortened to Lewis dot symbols—that can be used for predicting the number of bonds formed by
most elements in their compounds. Each Lewis dot symbol consists of the chemical symbol for an element surrounded by dots that
represent its valence electrons.

Note

Lewis Dot symbols:

e convenient representation of valence electrons

o allows you to keep track of valence electrons during bond formation

o consists of the chemical symbol for the element plus a dot for each valence electron

To write an element’s Lewis dot symbol, we place dots representing its valence electrons, one at a time, around the element’s
chemical symbol. Up to four dots are placed above, below, to the left, and to the right of the symbol (in any order, as long as
elements with four or fewer valence electrons have no more than one dot in each position). The next dots, for elements with more
than four valence electrons, are again distributed one at a time, each paired with one of the first four. For example, the electron
configuration for atomic sulfur is [Ne]3s23p#, thus there are six valence electrons. Its Lewis symbol would therefore be:
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Fluorine, for example, with the electron configuration [He]2s?2p°, has seven valence electrons, so its Lewis dot symbol is
constructed as follows:

The number of dots in the Lewis dot symbol is the same as the number of valence electrons, which is the same as the last digit of
the element’s group number in the periodic table. Lewis dot symbols for the elements in period 2 are given in Figure 8.1.2.

Lewis used the unpaired dots to predict the number of bonds that an element will form in a compound. Consider the symbol for
nitrogen in Figure 8.1.2. The Lewis dot symbol explains why nitrogen, with three unpaired valence electrons, tends to form
compounds in which it shares the unpaired electrons to form three bonds. Boron, which also has three unpaired valence electrons in
its Lewis dot symbol, also tends to form compounds with three bonds, whereas carbon, with four unpaired valence electrons in its
Lewis dot symbol, tends to share all of its unpaired valence electrons by forming compounds in which it has four bonds.

Element Electron  Electron

config. dot symbol
Li [He]2s! Li*
Be [He]2s? Be*
B [He]2s22p! . ].3 *
C [He]2s%2p* . .C "
N [He]2s?2p® . N
0 [He]2s22p* H 'O H
¥ [He]2s22p% @ i:‘: H
Ne [He]2s*2p® :I‘;T:e:

Figure 8.1.2: Lewis Dot Symbols for the Elements in Period 2

The Octet Rule

Lewis’s major contribution to bonding theory was to recognize that atoms tend to lose, gain, or share electrons to reach a total of
eight valence electrons, called an octet. This so-called octet rule explains the stoichiometry of most compounds in the s and p
blocks of the periodic table. We now know from quantum mechanics that the number eight corresponds to one ns and three np
valence orbitals, which together can accommodate a total of eight electrons. Remarkably, though, Lewis’s insight was made nearly
a decade before Rutherford proposed the nuclear model of the atom. An exception to the octet rule is helium, whose 1s° electron
configuration gives it a full n = 1 shell, and hydrogen, which tends to gain or share its one electron to achieve the electron
configuration of helium.

Lewis dot symbols can also be used to represent the ions in ionic compounds. The reaction of cesium with fluorine, for example, to
produce the ionic compound CsF can be written as follows:

Cs- +:F- — CsT:F”

No dots are shown on Cs* in the product because cesium has lost its single valence electron to fluorine. The transfer of this electron
produces the Cs* ion, which has the valence electron configuration of Xe, and the F~ ion, which has a total of eight valence
electrons (an octet) and the Ne electron configuration. This description is consistent with the statement that among the main group
elements, ions in simple binary ionic compounds generally have the electron configurations of the nearest noble gas. The charge of
each ion is written in the product, and the anion and its electrons are enclosed in brackets. This notation emphasizes that the ions
are associated electrostatically; no electrons are shared between the two elements.
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Note

Atoms often gain, lose, or share electrons to achieve the same number of electrons as the noble gas closest to them in the periodic table.

lonic bonding

Ions are atoms or molecules which are electrically charged. Cations are positively charged and anions carry a negative charge.
Ions form when atoms gain or lose electrons. Since electrons are negatively charged, an atom that loses one or more electrons will
become positively charged; an atom that gains one or more electrons becomes negatively charged.

Ionic bonding is the attraction between positively- and negatively-charged ions. These oppositely charged ions attract each other to
form ionic networks (or lattices). Electrostatics explains why this happens: opposite charges attract and like charges repel. When
many ions attract each other, they form large, ordered, crystal lattices in which each ion is surrounded by ions of the opposite
charge. Generally, when metals react with non-metals, electrons are transferred from the metals to the non-metals. The metals form
positively-charged ions and the non-metals form negatively-charged ions.

Generating lonic Bonds

Ionic bonds form when metals and non-metals chemically react. By definition, a metal is relatively stable if it loses electrons to
form a complete valence shell and becomes positively charged. Likewise, a non-metal becomes stable by gaining electrons to
complete its valence shell and become negatively charged. When metals and non-metals react, the metals lose electrons by
transferring them to the non-metals, which gain them. Consequently, ions are formed, which instantly attract each other—ionic
bonding.

Example 8.2.1a: Sodium Chloride

For example, in the reaction of Na (sodium) and Cl (chlorine), each Cl atom takes one electron from a Na atom. Therefore each Na
becomes a Na* cation and each Cl atom becomes a Cl- anion. Due to their opposite charges, they attract each other to form an ionic
lattice. The formula (ratio of positive to negative ions) in the lattice is NaCl.

For full video of making NaCl from sodium metal and chlorine gase, see https://www.youtube.com/watch?v=WVonuBjCrNo. These

ions are arranged in solid NaCl in a regular three-dimensional arrangement (or lattice):
Slice through a NaCl crystal

Figure: NaCl lattice. (left) 3-D structure and (right) simple 2D slice through lattes. Images used with permission from Wikipedia and
Mike Blaber.

The chlorine has a high affinity for electrons, and the sodium has a low ionization potential. Thus the chlorine gains an electron from
the sodium atom. This can be represented using electron-dot symbols (here we will consider one chlorine atom, rather than Cly):

Na‘x:r_‘;(:::l: — Na~ +[C1]-

The arrow indicates the transfer of the electron from sodium to chlorine to form the Na* metal ion and the Cl chloride ion. Each ion
now has an octet of electrons in its valence shell:

o Na'™ 2s%2p®

o CI:3s23p°

The importance of noble gas structures
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At a simple level a lot of importance is attached to the electronic structures of noble gases like neon or argon which have
eight electrons in their outer energy levels (or two in the case of helium). These noble gas structures are thought of as being
in some way a "desirable" thing for an atom to have.

You may well have been left with the strong impression that when other atoms react, they try to achieve noble gas structures.
As well as achieving noble gas structures by transferring electrons from one atom to another as in ionic bonding, it is also
possible for atoms to reach these stable structures by sharing electrons to give covalent bonds.

Some very simple covalent molecules

Chlorine

For example, two chlorine atoms could both achieve stable structures by sharing their single unpaired electron as in the

The fact that one chlorine has been drawn with electrons marked as crosses and the other as dots is simply to show where
all the electrons come from. In reality there is no difference between them. The two chlorine atoms are said to be joined by a
covalent bond. The reason that the two chlorine atoms stick together is that the shared pair of electrons is attracted to the
nucleus of both chlorine atoms.

Hydrogen

00

Hydrogen atoms only need two electrons in their outer level to reach the noble gas structure of helium. Once again, the
covalent bond holds the two atoms together because the pair of electrons is attracted to both nuclei.

A

The hydrogen has a helium structure, and the chlorine an argon structure. Most of the simple molecules you draw do in fact
have all their atoms with noble gas structures. For example:

ecg)o C00J00
ofRcIEC

methane ammaonia eater

Hydrogen chloride

Even with a more complicated molecule like , there's no problem. In this case, only the outer electrons are shown for
simplicity. Each atom in this structure has inner layers of electrons of 2, 8. Again, everything present has a noble gas

structure.

Cases where the simple view throws up problems
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Boron trifluoride, BF3

A boron atom only has 3 electrons in its outer level, and there is no possibility of it reaching a noble gas structure by simple
sharing of electrons. Is this a problem? No. The boron has formed the maximum number of bonds that it can in the

circumstances, and this is a perfectly valid structure.

Energy is released whenever a covalent bond is formed. Because energy is being lost from the system, it becomes more
stable after every covalent bond is made. It follows, therefore, that an atom will tend to make as many covalent bonds as
possible. In the case of boron in BF3, three bonds is the maximum possible because boron only has 3 electrons to share.
Note: You might perhaps wonder why boron doesn't form ionic bonds with fluorine instead. Boron doesn't form ions because
the total energy needed to remove three electrons to form a B3* ion is simply too great to be recoverable when attractions
are set up between the boron and fluoride ions.

A more sophisticated view of covalent bonding

The bonding in methane, CH,

What is wrong with the dots-and-crosses picture of bonding in methane?
We are starting with methane because it is the simplest case which illustrates the sort of processes involved. You will
remember that the dots-and-crossed picture of methane looks like this.

()
SOE
()

There is a serious mis-match between this structure and the modern electronic structure of carbon, 1s?2s?2p,'2p,*. The
modern structure shows that there are only 2 unpaired electrons to share with hydrogens, instead of the 4 which the simple

view requires.

pr va 2Pz

You can see this more readily using the electrons-in-boxes notation. Only the 2-level electrons are shown. The 1s2 electrons
are too deep inside the atom to be involved in bonding. The only electrons directly available for sharing are the 2p electrons.
Why then isn't methane CH,?

Promotion of an electron

When bonds are formed, energy is released and the system becomes more stable. If carbon forms 4 bonds rather than 2,
twice as much energy is released and so the resulting molecule becomes even more stable.

There is only a small energy gap between the 2s and 2p orbitals, and so it pays the carbon to provide a small amount of
energy to promote an electron from the 2s to the empty 2p to give 4 unpaired electrons. The extra energy released when the
bonds form more than compensates for the initial input.

promation

2Px 2Py sz
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The carbon atom is now said to be in an excited state. Now that we've got 4 unpaired electrons ready for bonding, another
problem arises. In methane all the carbon-hydrogen bonds are identical, but our electrons are in two different kinds of
orbitals. You aren't going to get four identical bonds unless you start from four identical orbitals.

Hybridization

The electrons rearrange themselves again in a process called hybridization. This reorganizes the electrons into four identical
hybrid orbitals called sp2 hybrids (because they are made from one s orbital and three p orbitals). You should read "sp®" as
"s p three" - not as "s p cubed".

/

spd hybrid orbials

sp® hybrid orbitals look a bit like half a p orbital, and they arrange themselves in space so that they are as far apart as
possible. You can picture the nucleus as being at the center of a tetrahedron (a triangularly based pyramid) with the orbitals
pointing to the corners. For clarity, the nucleus is drawn far larger than it really is.

What happens when the bonds are formed?

Remember that hydrogen's electron is in a 1s orbital - a spherically symmetric region of space surrounding the nucleus
where there is some fixed chance (say 95%) of finding the electron. When a covalent bond is formed, the atomic orbitals (the
orbitals in the individual atoms) merge to produce a new molecular orbital which contains the electron pair which creates the
bond.

hydrogen nucleus
embedded in new
- molecular orbital

hydrogen -

akoms
l /0 —_—

Four molecular orbitals are formed, looking rather like the original sp® hybrids, but with a hydrogen nucleus embedded in
each lobe. Each orbital holds the 2 electrons that we've previously drawn as a dot and a cross.

The principles involved - promotion of electrons if necessary, then hybridisation, followed by the formation of molecular
orbitals - can be applied to any covalently-bound molecule.

Contributors
e Mike Blaber (Florida State University)

e Jim Clark (Chemguide.co.uk)

1.2: Bonding is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by LibreTexts.
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1.3: Lewis Structures

Using Lewis Dot Symbols to Describe Covalent Bonding

This sharing of electrons allowing atoms to "stick" together is the basis of covalent bonding. There is some intermediate distant,
generally a bit longer than 0.1 nm, or if you prefer 100 pm, at which the attractive forces significantly outweigh the repulsive forces
and a bond will be formed if both atoms can achieve a completen s2np6 configuration. It is this behavior that Lewis captured in his
octet rule. The valence electron configurations of the constituent atoms of a covalent compound are important factors in
determining its structure, stoichiometry, and properties. For example, chlorine, with seven valence electrons, is one electron short
of an octet. If two chlorine atoms share their unpaired electrons by making a covalent bond and forming Cl2, they can each
complete their valence shell:

C| + -(:::|:—>:(:::|:(:::|:

Each chlorine atom now has an octet. The electron pair being shared by the atoms is called a bonding pair ; the other three pairs of
electrons on each chlorine atom are called lone pairs. Lone pairs are not involved in covalent bonding. If both electrons in a
covalent bond come from the same atom, the bond is called a coordinate covalent bond.

We can illustrate the formation of a water molecule from two hydrogen atoms and an oxygen atom using Lewis dot symbols:
He + -0 + -H —> H:0:H

The structure on the right is the Lewis electron structure, or Lewis structure, for H20. With two bonding pairs and two lone pairs,
the oxygen atom has now completed its octet. Moreover, by sharing a bonding pair with oxygen, each hydrogen atom now has a
full valence shell of two electrons. Chemists usually indicate a bonding pair by a single line, as shown here for our two examples:

:(J—C{: H—OQ—H

The following procedure can be used to construct Lewis electron structures for more complex molecules and ions:

1. Arrange the atoms to show specific connections. When there is a central atom, it is usually the least electronegative element in
the compound. Chemists usually list this central atom first in the chemical formula (as in CCl4 and CO32-, which both have C as
the central atom), which is another clue to the compound’s structure. Hydrogen and the halogens are almost always connected to
only one other atom, so they are usually terminal rather than central.

Note the Pattern

The central atom is usually the least electronegative element in the molecule or ion; hydrogen and the halogens are usually
terminal.

2. Determine the total number of valence electrons in the molecule or ion. Add together the valence electrons from each atom.
(Recall from Chapter 2 that the number of valence electrons is indicated by the position of the element in the periodic table.) If the
species is a polyatomic ion, remember to add or subtract the number of electrons necessary to give the total charge on the ion. For
CO32-, for example, we add two electrons to the total because of the —2 charge.

3. Place a bonding pair of electrons between each pair of adjacent atoms to give a single bond. In H20, for example, there is a
bonding pair of electrons between oxygen and each hydrogen.

4. Beginning with the terminal atoms, add enough electrons to each atom to give each atom an octet (two for hydrogen). These
electrons will usually be lone pairs.
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5. If any electrons are left over, place them on the central atom. We explain in Section 4.6 that some atoms are able to
accommodate more than eight electrons.

6. If the central atom has fewer electrons than an octet, use lone pairs from terminal atoms to form multiple (double or triple) bonds
to the central atom to achieve an octet. This will not change the number of electrons on the terminal atoms.

Now let’s apply this procedure to some particular compounds, beginning with one we have already discussed.
H,O
1. Because H atoms are almost always terminal, the arrangement within the molecule must be HOH.

2. Each H atom (group 1) has 1 valence electron, and the O atom (group 16) has 6 valence electrons, for a total of 8 valence
electrons.

3. Placing one bonding pair of electrons between the O atom and each H atom gives H:O:H, with 4 electrons left over.
4. Each H atom has a full valence shell of 2 electrons.

5. Adding the remaining 4 electrons to the oxygen (as two lone pairs) gives the following structure:

This is the Lewis structure we drew earlier. Because it gives oxygen an octet and each hydrogen two electrons, we do not need to
use step 6.
ocCI”

1. With only two atoms in the molecule, there is no central atom.

2. Oxygen (group 16) has 6 valence electrons, and chlorine (group 17) has 7 valence electrons; we must add one more for the
negative charge on the ion, giving a total of 14 valence electrons.

3. Placing a bonding pair of electrons between O and Cl gives O:Cl, with 12 electrons left over.

4. If we place six electrons (as three lone pairs) on each atom, we obtain the following structure:

[O—¢i

Each atom now has an octet of electrons, so steps 5 and 6 are not needed. The Lewis electron structure is drawn within brackets as
is customary for an ion, with the overall charge indicated outside the brackets, and the bonding pair of electrons is indicated by a
solid line. OCl- is the hypochlorite ion, the active ingredient in chlorine laundry bleach and swimming pool disinfectant.

CH>O

1. Because carbon is less electronegative than oxygen and hydrogen is normally terminal, C must be the central atom. One possible
arrangement is as follows:

)
HCH

2. Each hydrogen atom (group 1) has one valence electron, carbon (group 14) has 4 valence electrons, and oxygen (group 16) has 6
valence electrons, for a total of [(2)(1) + 4 + 6] = 12 valence electrons.

3. Placing a bonding pair of electrons between each pair of bonded atoms gives the following:

O

|
H—C—H

Six electrons are used, and 6 are left over.
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4. Adding all 6 remaining electrons to oxygen (as three lone pairs) gives the following:

:(I):
H—C—H
Although oxygen now has an octet and each hydrogen has 2 electrons, carbon has only 6 electrons.
5. There are no electrons left to place on the central atom.
6. To give carbon an octet of electrons, we use one of the lone pairs of electrons on oxygen to form a carbon—oxygen double bond:
:(ﬁ:
H—C—H

Both the oxygen and the carbon now have an octet of electrons, so this is an acceptable Lewis electron structure. The O has two
bonding pairs and two lone pairs, and C has four bonding pairs. This is the structure of formaldehyde, which is used in embalming
fluid.

An alternative structure can be drawn with one H bonded to O. Formal charges, discussed later in this section, suggest that such a
structure is less stable than that shown previously.

Example

Write the Lewis electron structure for each species.

1. NCl3
2.5y
3.NOcCl

Given: chemical species

Asked for: Lewis electron structures

Strategy:

Use the six-step procedure to write the Lewis electron structure for each species.
Solution:

1. Nitrogen is less electronegative than chlorine, and halogen atoms are usually terminal, so nitrogen is the central atom. The
nitrogen atom (group 15) has 5 valence electrons and each chlorine atom (group 17) has 7 valence electrons, for a total of 26
valence electrons. Using 2 electrons for each N—Cl bond and adding three lone pairs to each Cl account for (3 x 2) + (3 x 2 x 3)
= 24 electrons. Rule 5 leads us to place the remaining 2 electrons on the central N:

C|—|T]—C|
:(;l:

Nitrogen trichloride is an unstable oily liquid once used to bleach flour; this use is now prohibited in the United States.

Nitrogen trichloride
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2. In a diatomic molecule or ion, we do not need to worry about a central atom. Each sulfur atom (group 16) contains 6 valence
electrons, and we need to add 2 electrons for the —2 charge, giving a total of 14 valence electrons. Using 2 electrons for the S-S
bond, we arrange the remaining 12 electrons as three lone pairs on each sulfur, giving each S atom an octet of electrons:

3. Because nitrogen is less electronegative than oxygen or chlorine, it is the central atom. The N atom (group 15) has 5 valence
electrons, the O atom (group 16) has 6 valence electrons, and the Cl atom (group 17) has 7 valence electrons, giving a total of
18 valence electrons. Placing one bonding pair of electrons between each pair of bonded atoms uses 4 electrons and gives the
following:

O—N—dl

Adding three lone pairs each to oxygen and to chlorine uses 12 more electrons, leaving 2 electrons to place as a lone pair on
nitrogen:

:0—N—Cl:

Because this Lewis structure has only 6 electrons around the central nitrogen, a lone pair of electrons on a terminal atom must
be used to form a bonding pair. We could use a lone pair on either O or Cl. Because we have seen many structures in which O
forms a double bond but none with a double bond to Cl, it is reasonable to select a lone pair from O to give the following:

5=N—g

All atoms now have octet configurations. This is the Lewis electron structure of nitrosyl chloride, a highly corrosive, reddish-
orange gas.

Nitrosyl chloride

Exercise

Write Lewis electron structures for CO, and SCly, a vile-smelling, unstable red liquid that is used in the manufacture of rubber.

Answer:
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Carbon dioxide

Cl—S—Cl:

Sulfur dichloride

Formal Charges

It is sometimes possible to write more than one Lewis structure for a substance that does not violate the octet rule, as we saw for
CH20, but not every Lewis structure may be equally reasonable. In these situations, we can choose the most stable Lewis structure
by considering the formal charge on the atoms, which is the difference between the number of valence electrons in the free atom
and the number assigned to it in the Lewis electron structure. The formal charge is a way of computing the charge distribution
within a Lewis structure; the sum of the formal charges on the atoms within a molecule or an ion must equal the overall charge on
the molecule or ion. A formal charge does not represent a true charge on an atom in a covalent bond but is simply used to predict
the most likely structure when a compound has more than one valid Lewis structure.

To calculate formal charges, we assign electrons in the molecule to individual atoms according to these rules:

¢ Nonbonding electrons are assigned to the atom on which they are located.
¢ Bonding electrons are divided equally between the bonded atoms.

For each atom, we then compute a formal charge:

bondi -
formal charge = valence e” — (m:m — bonding e™ + &)

2 (5.3.1)

(free atom) (otom in Lewis structure)

To illustrate this method, let’s calculate the formal charge on the atoms in ammonia (NH3) whose Lewis electron structure is as
follows:

H—ﬁ—H
H

Ammonia

A neutral nitrogen atom has five valence electrons (it is in group 15). From its Lewis electron structure, the nitrogen atom in
ammonia has one lone pair and shares three bonding pairs with hydrogen atoms, so nitrogen itself is assigned a total of five
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electrons [2 nonbonding e— + (6 bonding e—/2)]. Substituting into Equation 5.3.1, we obtain

(4.4.9)

6 bondi »
formﬂfcharge{N)=5mIenoee'—(2!&011—" ding e~ + mnge )={]

2

A neutral hydrogen atom has one valence electron. Each hydrogen atom in the molecule shares one pair of bonding electrons and is
therefore assigned one electron [0 nonbonding e— + (2 bonding e—/2)]. Using Equation 4.4.1 to calculate the formal charge on
hydrogen, we obtain

2 bondi =
formﬂfcﬁarge(H)=lmfenoee_—(Omm—" dinge” + o )=0

3 (4.4.3)

The hydrogen atoms in ammonia have the same number of electrons as neutral hydrogen atoms, and so their formal charge is also
zero. Adding together the formal charges should give us the overall charge on the molecule or ion. In this example, the nitrogen and
each hydrogen has a formal charge of zero. When summed the overall charge is zero, which is consistent with the overall charge on
the NH3 molecule.

Typically, the structure with the most charges on the atoms closest to zero is the more stable Lewis structure. In cases where there
are positive or negative formal charges on various atoms, stable structures generally have negative formal charges on the more
electronegative atoms and positive formal charges on the less electronegative atoms. The next example further demonstrates how to
calculate formal charges.

Example

Calculate the formal charges on each atom in the NH,* ion.
Given: chemical species

Asked for: formal charges

Strategy:

Identify the number of valence electrons in each atom in the NH,;* ion. Use the Lewis electron structure of NH4" to identify the
number of bonding and nonbonding electrons associated with each atom and then use Equation 4.4.1 to calculate the formal charge
on each atom.

Solution:

The Lewis electron structure for the NH4"ion is as follows:
H e

|
H—N—H
H

The nitrogen atom shares four bonding pairs of electrons, and a neutral nitrogen atom has five valence electrons. Using Equation
4.4.1, the formal charge on the nitrogen atom is therefore

formalcharge(N)=5-(0+82)=0
Each hydrogen atom in has one bonding pair. The formal charge on each hydrogen atom is therefore

formalcharge(H)=1-(0+22)=0

The formal charges on the atoms in the NH," ion are thus
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Adding together the formal charges on the atoms should give us the total charge on the molecule or ion. In this case, the sum of the
formal chargesis0+1+0+0+0=+1.

Exercise
Write the formal charges on all atoms in BH,

Answer:

0
H —

|

oH—B
|—1

H

0

If an atom in a molecule or ion has the number of bonds that is typical for that atom (e.g., four bonds for carbon), its formal charge
is zero.
Using Formal Charges to Distinguish between Lewis Structures

As an example of how formal charges can be used to determine the most stable Lewis structure for a substance, we can compare
two possible structures for CO2. Both structures conform to the rules for Lewis electron structures.

CO,

1. C is less electronegative than O, so it is the central atom.

2. C has 4 valence electrons and each O has 6 valence electrons, for a total of 16 valence electrons.
3. Placing one electron pair between the C and each O gives O—C-O, with 12 electrons left over.

4. Dividing the remaining electrons between the O atoms gives three lone pairs on each atom:

This structure has an octet of electrons around each O atom but only 4 electrons around the C atom.
5. No electrons are left for the central atom.

6. To give the carbon atom an octet of electrons, we can convert two of the lone pairs on the oxygen atoms to bonding electron
pairs. There are, however, two ways to do this. We can either take one electron pair from each oxygen to form a symmetrical
structure or take both electron pairs from a single oxygen atom to give an asymmetrical structure:

Q=—I{—0 or :0— C=0:
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Both Lewis electron structures give all three atoms an octet. How do we decide between these two possibilities? The formal
charges for the two Lewis electron structures of CO2 are as follows:

0=C=Q :Q—C=0:
o 0 0 -1 0+

Both Lewis structures have a net formal charge of zero, but the structure on the right has a +1 charge on the more electronegative
atom (O). Thus the symmetrical Lewis structure on the left is predicted to be more stable, and it is, in fact, the structure observed
experimentally. Remember, though, that formal charges do not represent the actual charges on atoms in a molecule or ion. They are
used simply as a bookkeeping method for predicting the most stable Lewis structure for a compound.

Note the Pattern

The Lewis structure with the set of formal charges closest to zero is usually the most stable

Example

The thiocyanate ion (SCN™), which is used in printing and as a corrosion inhibitor against acidic gases, has at least two possible
Lewis electron structures. Draw two possible structures, assign formal charges on all atoms in both, and decide which is the
preferred arrangement of electrons.

Given: chemical species

Asked for: Lewis electron structures, formal charges, and preferred arrangement

Strategy:

A Use the step-by-step procedure to write two plausible Lewis electron structures for SCN™.
B Calculate the formal charge on each atom using Equation 4.4.1.

C Predict which structure is preferred based on the formal charge on each atom and its electronegativity relative to the other atoms
present.

Solution:

A Possible Lewis structures for the SCN™ ion are as follows:

:5—Cc=N:|”  [§=c=N]"  [ss=c—R:]”
(a) (b) ()

B We must calculate the formal charges on each atom to identify the more stable structure. If we begin with carbon, we notice that
the carbon atom in each of these structures shares four bonding pairs, the number of bonds typical for carbon, so it has a formal
charge of zero. Continuing with sulfur, we observe that in (a) the sulfur atom shares one bonding pair and has three lone pairs and
has a total of six valence electrons. The formal charge on the sulfur atom is therefore 6—(6+22)=—1.5-(4+42)=-1 In (c), nitrogen
has a formal charge of -2.

C Which structure is preferred? Structure (b) is preferred because the negative charge is on the more electronegative atom (N), and
it has lower formal charges on each atom as compared to structure (c): 0, —1 versus +1, —2.
Exercise

Salts containing the fulminate ion (CNO") are used in explosive detonators. Draw three Lewis electron structures for CNO™ and
use formal charges to predict which is more stable. (Note: N is the central atom.)

Answer:
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c=N=0:" or [:c=N—0: or  [:(—N=0]
-2  +1 0 =1 +1 =] =3 41 +1
The second structure is predicted to be more stable.

Contributors

e Anonymous

1.3: Lewis Structures is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by LibreTexts.
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1.4: Lewis Structures Continued

Three cases can be constructed that do not follow the octet rule, and as such, they are known as the exceptions to the octet rule.
Following the Octet Rule for Lewis Dot Structures leads to the most accurate depictions of stable molecular and atomic structures
and because of this we always want to use the octet rule when drawing Lewis Dot Structures. However, it is hard to imagine that
one rule could be followed by all molecules. There is always an exception, and in this case, three exceptions. The octet rule is
violated in these three scenarios:

1. When there are an odd number of valence electrons
2. When there are too few valence electrons
3. When there are too many valence electrons

Exception 1: Species with Odd Numbers of Electrons

The first exception to the Octet Rule is when there are an odd number of valence electrons. An example of this would be Nitrogen
(IT) Oxide (NO refer to figure one). Nitrogen has 5 valence electrons while Oxygen has 6. The total would be 11 valence electrons
to be used. The Octet Rule for this molecule is fulfilled in the above example, however that is with 10 valence electrons. The last
one does not know where to go. The lone electron is called an unpaired electron. But where should the unpaired electron go? The
unpaired electron is usually placed in the Lewis Dot Structure so that each element in the structure will have the lowest formal
charge possible. The formal charge is the perceived charge on an individual atom in a molecule when atoms do not contribute
equal numbers of electrons to the bonds they participate in. The formula to find a formal charge is:

Formal Charge= [# of valence e the atom would have on its own] - [# of lone pair electrons on that atom]
- [# of bonds that atom participates in]

No formal charge at all is the most ideal situation. An example of a stable molecule with an odd number of valence electrons would
be nitrogen monoxide. Nitrogen monoxide has 11 valence electrons. If you need more information about formal charges, see Lewis
Structures. If we were to imagine nitrogen monoxide had ten valence electrons we would come up with the Lewis Structure (Figure
8.7.1):

o9

N—O ¢

Figure 8.7.1. This is if Nitrogen monoxide has only ten valence electrons, which it does not.

Let's look at the formal charges of Figure 8.7.2 based on this Lewis structure. Nitrogen normally has five valence electrons. In
Figure 8.7.1, it has two lone pair electrons and it participates in two bonds (a double bond) with oxygen. This results in nitrogen
having a formal charge of +1. Oxygen normally has six valence electrons. In Figure 8.7.1, oxygen has four lone pair electrons and
it participates in two bonds with nitrogen. Oxygen therefore has a formal charge of 0. The overall molecule here has a formal
charge of +1 (+1 for nitrogen, 0 for oxygen. +1 + 0 = +1). However, if we add the eleventh electron to nitrogen (because we want
the molecule to have the lowest total formal charge), it will bring both the nitrogen and the molecule's overall charges to zero, the
most ideal formal charge situation. That is exactly what is done to get the correct Lewis structure for nitrogen monoxide (Figure

8.7.2):
e N—O,

Figure 8.7.2. The proper Lewis structure for NO molecule

Free Radicals

There are actually very few stable molecules with odd numbers of electrons that exist, since that unpaired electron is willing to
react with other unpaired electrons. Most odd electron species are highly reactive, which we call Free Radicals. Because of their
instability, free radicals bond to atoms in which they can take an electron from in order to become stable, making them very
chemically reactive. Radicals are found as both reactants and products, but generally react to form more stable molecules as soon as
they can. In order to emphasize the existence of the unpaired electron, radicals are denoted with a dot in front of their chemical
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symbol as with , the hydroxyl radical. An example of a radical you may by familiar with already is the gaseous chlorine atom,
denoted . Interestingly, odd Number of Valence Electrons will result in the molecule being paramagnetic.

Exception 2: Incomplete Octets

The second exception to the Octet Rule is when there are too few valence electrons that results in an incomplete Octet. There are
even more occasions where the octet rule does not give the most correct depiction of a molecule or ion. This is also the case with
incomplete octets. Species with incomplete octets are pretty rare and generally are only found in some beryllium, aluminum, and
boron compounds including the boron hydrides. Let's take a look at one such hydride, BH; (Borane).

If one was to make a Lewis structure for BH3 following the basic strategies for drawing Lewis structures, one would probably come
up with this structure (Figure 8.7.3):
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Figure 8.7.3

The problem with this structure is that boron has an incomplete octet; it only has six electrons around it. Hydrogen atoms can
naturally only have only 2 electrons in their outermost shell (their version of an octet), and as such there are no spare electrons to
form a double bond with boron. One might surmise that the failure of this structure to form complete octets must mean that this
bond should be ionic instead of covalent. However, boron has an electronegativity that is very similar to hydrogen, meaning there is
likely very little ionic character in the hydrogen to boron bonds, and as such this Lewis structure, though it does not fulfill the octet
rule, is likely the best structure possible for depicting BH3 with Lewis theory. One of the things that may account for BH3's
incomplete octet is that it is commonly a transitory species, formed temporarily in reactions that involve multiple steps.

Let's take a look at another incomplete octet situation dealing with boron, BF; (Boron trifluorine). Like with BHj3, the initial
drawing of a Lewis structure of BF5; will form a structure where boron has only six electrons around it (Figure 8.7.4).
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Figure 8.7.4

If you look Figure 8.7.4, you can see that the fluorine atoms possess extra lone pairs that they can use to make additional bonds
with boron, and you might think that all you have to do is make one lone pair into a bond and the structure will be correct. If we
add one double bond between boron and one of the fluorines we get the following Lewis Structure (Figure 8.7.5):
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Figure 8.7.5

Each fluorine has eight electrons, and the boron atom has eight as well! Each atom has a perfect octet, right? Not so fast. We must
examine the formal charges of this structure. The fluorine that shares a double bond with boron has six electrons around it (four
from its two lone pairs of electrons and one each from its two bonds with boron). This is one less electron than the number of
valence electrons it would have naturally (Group Seven elements have seven valence electrons), so it has a formal charge of +1.
The two flourines that share single bonds with boron have seven electrons around them (six from their three lone pairs and one
from their single bonds with boron). This is the same amount as the number of valence electrons they would have on their own, so
they both have a formal charge of zero. Finally, boron has four electrons around it (one from each of its four bonds shared with
fluorine). This is one more electron than the number of valence electrons that boron would have on its own, and as such boron has a
formal charge of -1.
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This structure is supported by the fact that the experimentally determined bond length of the boron to fluorine bonds in BFj is less
than what would be typical for a single bond (see Bond Order and Lengths). However, this structure contradicts one of the major
rules of formal charges: Negative formal charges are supposed to be found on the more electronegative atom(s) in a bond, but in the
structure depicted in Figure 8.7.5, a positive formal charge is found on fluorine, which not only is the most electronegative element
in the structure, but the most electronegative element in the entire periodic table ( ). Boron on the other hand, with the
much lower electronegativity of 2.0, has the negative formal charge in this structure. This formal charge-electronegativity
disagreement makes this double-bonded structure impossible.

However the large electronegativity difference here, as opposed to in BHj, signifies significant polar bonds between boron and
fluorine, which means there is a high ionic character to this molecule. This suggests the possibility of a semi-ionic structure such as
seen in Figure 8.7.6:
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Figure 8.7.6

None of these three structures is the "correct" structure in this instance. The most "correct" structure is most likely a resonance of
all three structures: the one with the incomplete octet (Figure 8.7.4), the one with the double bond (Figure 8.7.5), and the one with
the ionic bond (Figure 8.7.6). The most contributing structure is probably the incomplete octet structure (due to Figure 8.7.5 being
basically impossible and Figure 8.7.6 not matching up with the behavior and properties of BF3). As you can see even when other
possibilities exist, incomplete octets may best portray a molecular structure.

As a side note, it is important to note that BF3 frequently bonds with a F~ion in order to form BF, rather than staying as BFs. This
structure completes boron's octet and it is more common in nature. This exemplifies the fact that incomplete octets are rare, and
other configurations are typically more favorable, including bonding with additional ions as in the case of BFj .

Example 8.7.1:

https://chem.libretexts.org/@go/page/30246


https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/30246?pdf

LibreTextsw

Draw the Lewis structure for boron trifluoride (BFs).
SOLUTION

1. Add electrons (3*7) + 3 = 24

2. Draw connectivities:

H

B
7N
H H

3. Add octets to outer atoms:
[

sFo
B
I N
» F o F
4. Add extra electrons (24-24=0) to central atom:
P

5. Does central electron have octet?
e NO. It has 6 electrons
e Add a multiple bond (double bond) to see if central atom can achieve an octet:

L

o F

IA
o SN e,
S
6. The central Boron now has an octet (there would be three resonance Lewis structures)
However...
e In this structure with a double bond the fluorine atom is sharing extra electrons with the boron.
e The fluorine would have a '+' partial charge, and the boron a '-' partial charge, this is inconsistent with the electronegativities of

fluorine and boron.

e Thus, the structure of BF 3, with single bonds, and 6 valence electrons around the central boron is the most likely structure
BFj reacts strongly with compounds which have an unshared pair of electrons which can be used to form a bond with the boron:

H :F:
T ll’ | ..
H—Ng: + B —» H—N—B—TF;
| SN I

H «F. o E. H $pe

Exception 3: Expanded Valence Shells

More common than incomplete octets are expanded octets where the central atom in a Lewis structure has more than eight
electrons in its valence shell. In expanded octets, the central atom can have ten electrons, or even twelve. Molecules with expanded
octets involve highly electronegative terminal atoms, and a nonmetal central atom found in the third period or below, which those
terminal atoms bond to. For example, is a legitimate compound (whereas ) is not:
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Note

Expanded valence shells are observed only for elements in period 3 (i.e. n=3) and beyond

The 'octet’ rule is based upon available ns and np orbitals for valence electrons (2 electrons in the s orbitals, and 6 in the p orbitals).
Beginning with the n=3 principle quantum number, the d orbitals become available (/=2). The orbital diagram for the valence shell
of phosphorous is:

1l T 11 1
3s 3p 3d

Hence, the third period elements occasionally exceed the octet rule by using their empty d orbitals to accommodate additional
electrons. Size is also an important consideration:

o The larger the central atom, the larger the number of electrons which can surround it
o Expanded valence shells occur most often when the central atom is bonded to small electronegative atoms, such as F, Cl and O.

There is currently much scientific exploration and inquiry into the reason why expanded valence shells are found. The top area of
interest is figuring out where the extra pair(s) of electrons are found. Many chemists think that there is not a very large energy
difference between the 3p and 3d orbitals, and as such it is plausible for extra electrons to easily fill the 3d orbital when an
expanded octet is more favorable than having a complete octet. This matter is still under hot debate, however and there is even
debate as to what makes an expanded octet more favorable than a configuration that follows the octet rule.

One of the situations where expanded octet structures are treated as more favorable than Lewis structures that follow the octet rule
is when the formal charges in the expanded octet structure are smaller than in a structure that adheres to the octet rule, or when
there are less formal charges in the expanded octet than in the structure a structure that adheres to the octet rule.

Example 8.7.2: The ion
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Such is the case for the sulfate ion, SO42. A strict adherence to the octet rule forms the following Lewis structure:
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Figure 8.7.12
If we look at the formal charges on this molecule, we can see that all of the oxygen atoms have seven electrons around them (six from
the three lone pairs and one from the bond with sulfur). This is one more electron than the number of valence electrons then they would
have normally, and as such each of the oxygens in this structure has a formal charge of -1. Sulfur has four electrons around it in this
structure (one from each of its four bonds) which is two electrons more than the number of valence electrons it would have normally,
and as such it carries a formal charge of +2.
If instead we made a structure for the sulfate ion with an expanded octet, it would look like this:

.
=
-

Figure 8.7.13

Looking at the formal charges for this structure, the sulfur ion has six electrons around it (one from each of its bonds). This is the same
amount as the number of valence electrons it would have naturally. This leaves sulfur with a formal charge of zero. The two oxygens
that have double bonds to sulfur have six electrons each around them (four from the two lone pairs and one each from the two bonds
with sulfur). This is the same amount of electrons as the number of valence electrons that oxygen atoms have on their own, and as such
both of these oxygen atoms have a formal charge of zero. The two oxygens with the single bonds to sulfur have seven electrons around
them in this structure (six from the three lone pairs and one from the bond to sulfur). That is one electron more than the number of
valence electrons that oxygen would have on its own, and as such those two oxygens carry a formal charge of -1. Remember that with
formal charges, the goal is to keep the formal charges (or the difference between the formal charges of each atom) as small as possible.
The number of and values of the formal charges on this structure (-1 and 0 (difference of 1) in Figure 8.7.12, as opposed to +2 and -1
(difference of 3) in Figure 8.7.12) is significantly lower than on the structure that follows the octet rule, and as such an expanded octet
is plausible, and even preferred to a normal octet, in this case.

Example 8.7.3: The Ion
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Draw the Lewis structure for ion.

SOLUTION

1. Count up the valence electrons: 7+(4*7)+1 = 36 electrons
2. Draw the connectivities:

Cl
I
Cl—1I1— Cl
I
Cl
3. Add octet of electrons to outer atoms:
:Cl3
° e I e e
:Cl — }— ls
eCls
4. Add extra electrons (36-32=4) to central atom:
[~
:Cls
® e .| e
°Cl=1— CI¢
"] |- (=]
eClg

5. The ICly ion thus has 12 valence electrons around the central Iodine (in the 5d orbitals)

Expanded Lewis structures are also plausible depictions of molecules when experimentally determined bond lengths suggest partial
double bond characters even when single bonds would already fully fill the octet of the central atom. Despite the cases for
expanded octets, as mentioned for incomplete octets, it is important to keep in mind that, in general, the octet rule applies.

Contributors
e Mike Blaber (Florida State University)

1.4: Lewis Structures Continued is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by LibreTexts.
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1.5: Bond Length and Bond Strength

The Relationship between Bond Order and Bond Energy

The Relationship between Bond Order and Bond Energy

Table 8.6 Average Bond Energies (kJ/mol) for Commonly Encountered Bonds at 273 K

Single Bonds Multiple Bonds
H-H 432 C-C 346 N-N ~167 0-0 ~142 F-F 155 C=C 602
H-C 411 C-Si 318 N-O 201 O-F 190 F-Cl 249 C=C 835
H-Si 318 C-N 305 N-F 283 0-Cl 218 F-Br 249 C=N 615
H-N 386 Cc-O 358 N-Cl 313 O-Br 201 F-1 278 C=N 887
H-P ~322 C-S 272 N-Br 243 O-1 201 Cl-Cl 240 C=0 749
H-O 459 C-F 485 P-P 201 S-S 226 Cl-Br 216 C=0 1072
H-S 363 C-Cl 327 S-F 284 Cl-1 208 N=N 418
H-F 565 C-Br 285 S-Cl 255 Br-Br 190 N=N 942
H-CI 428 C-1 213 S-Br 218 Br-I 175 N=0 607
H-Br 362 Si-Si 222 I-I 149 0=0 494
H-1 295 Si-O 452 S5=0 532

Source: Data from J. E. Huheey, E. A. Keiter, and R. L. Keiter, Inorganic Chemistry, 4th ed. (1993).

1. Bonds between hydrogen and atoms in the same column of the periodic table decrease in strength as we go down the column.
Thus an H-F bond is stronger than an H-I bond, H-C is stronger than H-Si, H-N is stronger than H-P, H-O is stronger than H—
S, and so forth. The reason for this is that the region of space in which electrons are shared between two atoms becomes
proportionally smaller as one of the atoms becomes larger (part (a) in Figure 8.11).

2. Bonds between like atoms usually become weaker as we go down a column (important exceptions are noted later). For
example, the C—C single bond is stronger than the Si-Si single bond, which is stronger than the Ge-Ge bond, and so forth. As
two bonded atoms become larger, the region between them occupied by bonding electrons becomes proportionally smaller, as
illustrated in part (b) in Figure 8.11. Noteworthy exceptions are single bonds between the period 2 atoms of groups 15, 16, and
17 (i.e., N, O, F), which are unusually weak compared with single bonds between their larger congeners. It is likely that the N—
N, O-0, and F—F single bonds are weaker than might be expected due to strong repulsive interactions between lone pairs of
electrons on adjacent atoms. The trend in bond energies for the halogens is therefore

CI-Cl > Br-Br > F-F > I-1
The Relationship between Bond Order and Bond Energy

Note

Bonds between hydrogen and atoms in a given column in the periodic table are weaker down the column; bonds between like atoms
usually become weaker down a column.

The Relationship between Bond Order and Bond Energy
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The Relationship between Bond Order and Bond Energy
The Relationship between Bond Order and Bond Energy
The Relationship between Bond Order and Bond Energy

Note

Bond strengths increase as bond order increases, while bond distances decrease.

Table: Average bond energies:

Bond (kJ/mol)
C-F 485
C-Cl 328
C-Br 276
C-1 240
C-C 348
C-N 293
C-0 358
C-F 485
C-C 348
C=C 614
C=C 839

Contributors
e Kim Song (UCD), Donald Le (UCD)

1.5: Bond Length and Bond Strength is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by LibreTexts.
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1.6: Electronegativity and Bond Polarity

Electronegativity

The elements with the highest ionization energies are generally those with the most negative electron affinities, which are located
toward the upper right corner of the periodic table. Conversely, the elements with the lowest ionization energies are generally those
with the least negative electron affinities and are located in the lower left corner of the periodic table.

Because the tendency of an element to gain or lose electrons is so important in determining its chemistry, various methods have
been developed to quantitatively describe this tendency. The most important method uses a measurement called electronegativity
(represented by the Greek letter chi, x, pronounced “ky” as in “sky”), defined as the relative ability of an atom to attract electrons to
itself in a chemical compound. Elements with high electronegativities tend to acquire electrons in chemical reactions and are found
in the upper right corner of the periodic table. Elements with low electronegativities tend to lose electrons in chemical reactions and
are found in the lower left corner of the periodic table.

Unlike ionization energy or electron affinity, the electronegativity of an atom is not a simple, fixed property that can be directly
measured in a single experiment. In fact, an atom’s electronegativity should depend to some extent on its chemical environment
because the properties of an atom are influenced by its neighbors in a chemical compound. Nevertheless, when different methods
for measuring the electronegativity of an atom are compared, they all tend to assign similar relative values to a given element. For
example, all scales predict that fluorine has the highest electronegativity and cesium the lowest of the stable elements, which
suggests that all the methods are measuring the same fundamental property.

Note

Electronegativity is defined as the ability of an atom in a particular molecule to attract electrons to itself. The greater the value, the

greater the attractiveness for electrons.

Increasing

1101 |

Increasing

|
[

Electronegativity,
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Molecular Dipole Moments

You previously learned how to calculate the dipole moments of simple diatomic molecules. In more complex molecules with polar
covalent bonds, the three-dimensional geometry and the compound’s symmetry determine whether there is a net dipole moment.
Mathematically, dipole moments are vectors; they possess both a magnitude and a direction. The dipole moment of a molecule is
therefore the vector sum of the dipole moments of the individual bonds in the molecule. If the individual bond dipole moments
cancel one another, there is no net dipole moment. Such is the case for CO,, a linear molecule (part (a) in Figure 9.2.8). Each C-O
bond in CO, is polar, yet experiments show that the CO, molecule has no dipole moment. Because the two C-O bond dipoles in
CO, are equal in magnitude and oriented at 180° to each other, they cancel. As a result, the CO, molecule has no net dipole
moment even though it has a substantial separation of charge. In contrast, the H,O molecule is not linear (part (b) in Figure 9.2.8);
it is bent in three-dimensional space, so the dipole moments do not cancel each other. Thus a molecule such as H,O has a net dipole
moment. We expect the concentration of negative charge to be on the oxygen, the more electronegative atom, and positive charge
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on the two hydrogens. This charge polarization allows H,O to hydrogen-bond to other polarized or charged species, including other
water molecules.

Molecular Dipole Moments

Other examples of molecules with polar bonds are shown in Figure 9.2.9. In molecular geometries that are highly symmetrical
(most notably tetrahedral and square planar, trigonal bipyramidal, and octahedral), individual bond dipole moments completely
cancel, and there is no net dipole moment. Although a molecule like CHCl3 is best described as tetrahedral, the atoms bonded to
carbon are not identical. Consequently, the bond dipole moments cannot cancel one another, and the molecule has a dipole moment.
Due to the arrangement of the bonds in molecules that have V-shaped, trigonal pyramidal, seesaw, T-shaped, and square pyramidal
geometries, the bond dipole moments cannot cancel one another. Consequently, molecules with these geometries always have a
nonzero dipole moment.

Molecular Dipole Moments

Note

Molecules with asymmetrical charge distributions have a net dipole moment.

Example

Which molecule(s) has a net dipole moment?
a. H,S
b. NHF,
c. BF;
Given: three chemical compounds
Asked for: net dipole moment
Strategy:
For each three-dimensional molecular geometry, predict whether the bond dipoles cancel. If they do not, then the molecule has a net
dipole moment.
Solution:
1. The total number of electrons around the central atom, S, is eight, which gives four electron pairs. Two of these electron pairs are
bonding pairs and two are lone pairs, so the molecular geometry of H,S is bent (Figure 9.2.6). The bond dipoles cannot cancel one
another, so the molecule has a net dipole moment.

.
H/ S fig
H
2. Difluoroamine has a trigonal pyramidal molecular geometry. Because there is one hydrogen and two fluorines, and because of the
lone pair of electrons on nitrogen, the molecule is not symmetrical, and the bond dipoles of NHF; cannot cancel one another. This
means that NHF; has a net dipole moment. We expect polarization from the two fluorine atoms, the most electronegative atoms in

the periodic table, to have a greater affect on the net dipole moment than polarization from the lone pair of electrons on nitrogen.

3. The molecular geometry of BF; is trigonal planar. Because all the B-F bonds are equal and the molecule is highly symmetrical, the
dipoles cancel one another in three-dimensional space. Thus BF; has a net dipole moment of zero:

F
1]
=By
F F

Exercise
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Which molecule(s) has a net dipole moment?
1. CH5Cl
2. S0,
3. XeO4

Answer: CH;Cl; XeO,

Contributors
e Mike Blaber (Florida State University)

1.6: Electronegativity and Bond Polarity is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by LibreTexts.

https://chem.libretexts.org/@go/page/30253


https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/30253?pdf
http://www.mikeblaber.org/
http://med.fsu.edu/
https://chem.libretexts.org/Bookshelves/Organic_Chemistry/Map%3A_Organic_Chemistry_(Smith)/01%3A_Structure_and_Bonding/1.06%3A_Electronegativity_and_Bond_Polarity
https://creativecommons.org/licenses/by-nc-sa/4.0

LibreTextsw

1.7: Polarity of Molecules

Dipole moments occur when there is a separation of charge. They can occur between two ions in an ionic bond or between atoms in
a covalent bond; dipole moments arise from differences in electronegativity. The larger the difference in electronegativity, the
larger the dipole moment. The distance between the charge separation is also a deciding factor into the size of the dipole moment.
The dipole moment is a measure of the polarity of the molecule.

Introduction

When atoms in a molecule share electrons unequally, they create what is called a dipole moment. This occurs when one atom is
more electronegative than another, resulting in that atom pulling more tightly on the shared pair of electrons, or when one atom has
a lone pair of electrons and the difference of electronegativity vector points in the same way. One of the most common examples is
the water molecule, made up of one oxygen atom and two hydrogen atoms. The differences in electronegativity and lone electrons
give oxygen a partial negative charge and each hydrogen a partial positive charge.

Dipole Moment

When two electrical charges, of opposite sign and equal magnitude, are separated by a distance, a dipole is established. The size of
a dipole is measured by its dipole moment ((\mu\)). Dipole moment is measured in debye units, which is equal to the distance
between the charges multiplied by the charge (1 debye equals 3.34 x 10°° coulomb-meters). The equation to figure out the dipole
moment of a molecule is given below:

where

. is the dipole moment,
e is the magnitude of the charge, and
e is the distance between the charges.

The dipole moment acts in the direction of the vector quantity. An example of a polar molecule is . Because of the lone pair
on oxygen, the structure of H,O is bent, which means it is not symmetric. The vectors do not cancel each other out, making the
molecule polar.

HY w WY
\(l/
5%

Figure 1: Dipole moment of water

The vector points from positive to negative, on both the molecular (net) dipole moment and the individual bond dipoles. The table
above shows the electronegativity of some of the common elements. The larger the difference in electronegativity between the two
atoms, the more electronegative that bond is. To be considered a polar bond, the difference in electronegativity must be large. The
dipole moment points in the direction of the vector quantity of each of the bond electronegativities added together.

Example 1: Water

The water molecule picture from Figure 1 can be used to determine the direction and magnitude of the dipole moment. From the
electronegativities of water and hydrogen, the difference is 1.2 for each of the hydrogen-oxygen bonds. Next, because the oxygen is the
more electronegative atom, it exerts a greater pull on the shared electrons; it also has two lone pairs of electrons. From this, it can be
concluded that the dipole moment points from between the two hydrogen atoms toward the oxygen atom. Using the equation above, the
dipole moment is calculated to be 1.85 D by multiplying the distance between the oxygen and hydrogen atoms by the charge difference

between them and then finding the components of each that point in the direction of the net dipole moment (remember the angle of the
molecule is 104.5°).
The bond moment of O-H bond =1.5 D, so the net dipole moment =2(1.5)xcos(104.5/2)=1.84 D.
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Dipole Moments

It is relatively easy to measure dipole moments. Place substance between charged plates--polar molecules increase the charge
stored on plates and the dipole moment can be obtained (has to do with capacitance). Polar molecules align themselves:

1. in an electric field
2. with respect to one another
3. with respect to ions

Nonpolar is not deflected; moderately polar acetone deflects slightly; highly polar water deflects strongly.

4::* ®o °0.

Figure 2: Polar molecules align themselves in an electric field (left), with respect to one another (middle), and with respect to ions
(right)

When proton & electron close together, the dipole moment (degree of polarity) decreases. However, as proton & electron get
farther apart, the dipole moment increases. In this case, the dipole moment calculated as:

The debye characterizes size of dipole moment. When a proton & electron 100 pm apart, the dipole moment is

is a key reference value and represents a pure charge of +1 & -1 100 pm apart. If the charge separation were greater then
the dipole moment increases (linearly):

o When proton & electron are separated by 120 pm,
o When proton & electron are separated by 150 pm,

o When proton & electron are separated by 200 pm,

Polarity and Structure of Molecules

The shape of a molecule and the polarity of its bonds determine the OVERALL POLARITY of that molecule. A molecule that contains
polar bonds, might not have any overall polarity, depending upon its shape. The simple definition of whether a complex molecule is polar or
not depends upon whether its overall centers of positive and negative charges overlap. If these centers lie at the same point in space, then the

molecule has no overall polarity (and is non polar).

Bond Bond
dipole\ dipole Bond
j % dipole
Molecular

Bond
dipole

dipole
(a) No net dipole moment (b) Net dipole moment

Figure 3: Charge distrubtions

If a molecule is completely symmetric, then the dipole moment vectors on each molecule will cancel each other out, making the
molecule nonpolar. A molecule can only be polar if the structure of that molecule is not symmetric.
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A good example of a nonpolar molecule that contains polar bonds is carbon dioxide. This is a linear molecule and the C=0 bonds
are, in fact, polar. The central carbon will have a net positive charge, and the two outer oxygens a net negative charge. However,
since the molecule is linear, these two bond dipoles cancel each other out (i.e. vector addition of the dipoles equals zero). And the
overall molecule has no dipole (

Although a polar bond is a prerequisite for a molecule to have a dipole, not all molecules with polar bonds exhibit dipoles

Geometric Considerations

For molecules, where is the central atom and  are all the same types of atoms, there are certain molecular geometries
which are symmetric. Therefore, they will have no dipole even if the bonds are polar. These geometries include linear, trigonal
planar, tetrahedral, octahedral and trigonal bipyramid.

oo ohe T

Linear Trigonal Planar Square Flanar
Tetrahedral Trigonal Bipyramidal Octahedral
Figure 4: Molecular geometries with exact cancelation of polar bonding to generate a non-polar molecule ( )

Example 2:

Although the C—Cl bonds are rather polar, the individual bond dipoles cancel one another in this symmetrical structure, and Cl,C=CCl,
does not have a net dipole moment.

Clx A;CI
/CZC\
Cl= ~Cl

Example 3:

C-Cl, the key polar bond, is 178 pm. Measurement reveals 1.87 D. From this data, % ionic character can be computed. If this bond were
100% ionic (based on proton & electron),

Hi,
o — ¢

Example 4:
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Since measurement 1.87 D,

% ionic = (1.7/8.54)x100 = 22%

u = 1.03 D (measured) H-Cl bond length 127 pm
If 100% ionic,

ionic = (1.03/6.09)x100 = 17%

Bond
Compound

Length (A)
HF 0.92
HCI 1.27
HBr 1.41
HI 1.61

Electronegativity
Difference

1.9
0.9
0.7

0.4

Dipole
Moment (D)

1.82
1.08
0.82

0.44

Although the bond length is increasing, the dipole is decreasing as you move down the halogen group. The electronegativity
decreases as we move down the group. Thus, the greater influence is the electronegativity of the two atoms (which influences the

charge at the ends of the dipole).

Contributors
e Mike Blaber (Florida State University)

1.7: Polarity of Molecules is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by LibreTexts.
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1.8: L-Dopa—A Representative Organic Molecule

An 3D image of L-Dopa can be found at ChemTube3D with many other molecules.

A discussion about the role L-Dopa plays in Parkinson's Disease and its discovery is covered in an article by Oleh Hornykiewicz in
the Journal of Parkinson's Disease which can be read at PubMed

1.8: L-Dopa—A Representative Organic Molecule is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by

LibreTexts.
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1.9: Resonance

Resonance Structures

Sometimes, even when formal charges are considered, the bonding in some molecules or ions cannot be described by a single
Lewis structure. Such is the case for ozone (O3), an allotrope of oxygen with a V-shaped structure and an O—O-O angle of 117.5°.

O3

1. We know that ozone has a V-shaped structure, so one O atom is central:

0]
0 0

2. Each O atom has 6 valence electrons, for a total of 18 valence electrons.

3. Assigning one bonding pair of electrons to each oxygen—oxygen bond gives

/O\

O O

with 14 electrons left over.

4. If we place three lone pairs of electrons on each terminal oxygen, we obtain

and have 2 electrons left over.

5. At this point, both terminal oxygen atoms have octets of electrons. We therefore place the last 2 electrons on the central atom:

6. The central oxygen has only 6 electrons. We must convert one lone pair on a terminal oxygen atom to a bonding pair of electrons
—but which one? Depending on which one we choose, we obtain either

0 o
o o O o o
Which is correct? In fact, neither is correct. Both predict one O-O single bond and one O=0 double bond. As you will learn in
Section 4.8, if the bonds were of different types (one single and one double, for example), they would have different lengths. It
turns out, however, that both O-O bond distances are identical, 127.2 pm, which is shorter than a typical O-O single bond (148
pm) and longer than the O=O double bond in O, (120.7 pm).

Equivalent Lewis dot structures, such as those of ozone, are called resonance structures . The position of the atoms is the same in
the various resonance structures of a compound, but the position of the electrons is different. Double-headed arrows link the
different resonance structures of a compound:
0 0
Wl e e N
0. 0O 0. 0

Before the development of quantum chemistry it was thought that the double-headed arrow indicates that the actual electronic
structure is an average of those shown, or that the molecule oscillates between the two structures. Today we know that the electrons
involved in the double bonds occupy an orbital that extends over all three oxygen molecules, combining p orbitals on all three.
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Resonance Structures

We will discuss the formation of these molecular orbitals in the next chapter but it is important to understand that resonance
structures are based on molecular orbitals not averages of different bonds between atoms. We describe the electrons in such
molecular orbitals as being delocalized, that is they cannot be assigned to a bond between two atoms.

Note the Pattern

When it is possible to write more than one equivalent resonance structure for a molecule or ion, the actual structure involves a
molecular orbital which is a linear combination of atomic orbitals from each of the atoms.

CO3%~

Like ozone, the electronic structure of the carbonate ion cannot be described by a single Lewis electron structure. Unlike Os,
though, the Lewis structures describing CO4>" has three equivalent representations.

1. Because carbon is the least electronegative element, we place it in the central position:

o]

C
0] o}

2. Carbon has 4 valence electrons, each oxygen has 6 valence electrons, and there are 2 more for the —2 charge. This gives 4 + (3 x
6) + 2 = 24 valence electrons.

3. Six electrons are used to form three bonding pairs between the oxygen atoms and the carbon:

4. We divide the remaining 18 electrons equally among the three oxygen atoms by placing three lone pairs on each and indicating
the —2 charge:

5. No electrons are left for the central atom.

6. At this point, the carbon atom has only 6 valence electrons, so we must take one lone pair from an oxygen and use it to form a
carbon—oxygen double bond. In this case, however, there are three possible choices:

= 2— . 2—

|
-&Cx- T, -/C%\\

0,

eH ol o ol 5 3
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As with ozone, none of these structures describes the bonding exactly. Each predicts one carbon—oxygen double bond and two
carbon—oxygen single bonds, but experimentally all C—O bond lengths are identical. We can write resonance structures (in this
case, three of them) for the carbonate ion:

2— A S 2—
o G 0 (o iRl 5 s Al o 8

As the case for ozone, the actual structure involves the formation of a molecular orbital from p, orbitals centered on each atom and
sitting above and below the plane of the CO3?” ion.

CO42

Resonance structures are particularly common in oxoanions of the p-block elements, such as sulfate and phosphate, and in aromatic
hydrocarbons, such as benzene and naphthalene.

Rules for estimating stability of resonance
structures

1. The greater the number of covalent bonds, the greater the stability since more atoms will have complete octets
2. The structure with the least number of formal charges is more stable

3. The structure with the least separation of formal charge is more stable

4. A structure with a negative charge on the more electronegative atom will be more stable

5. Positive charges on the least electronegative atom (most electropositive) is more stable

6. Resonance forms that are equivalent have no difference in stability and contribute equally. (eg. benzene)

Examples of Resonance

single Resonance configuration

The above resonance structures show that the electrons are delocalized within the molecule and through this process the molecule
gains extra stability. Ozone with both of its opposite charges creates a neutral molecule and through resonance it is a stable
molecule. The extra electron that created the negative charge on either terminal oxygen can be delocalized by resonance through
the terminal oxygens.

Benzene is an extremely stable molecule and it is accounted for its geometry and molecular orbital interaction, but most
importantly it's due to its resonance structures. The delocalized electrons in the benzene ring make the molecule very stable and
with its characteristics of a nucleophile, it will react with a strong electrophile only and after the first reactivity, the substituted
benzene will depend on its resonance to direct the next position for the reaction to add a second substituent.

The next molecule, the Amide, is a very stable molecule that is present in most biological systems, mainly in proteins. By studies
of NMR spectroscopy and X-Ray crystallography it is confirmed that the stability of the amide is due to resonance which through
molecular orbital interaction creates almost a double bond between the Nitrogen and the carbon.

Example: Multiple Resonance of other Molecules
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Molecules with more than one resonance form

0.%.0 - - 0.2.0 ~ -
N* 0.9.0 N 0.__0 o__0 0. .0
o —— N — e T 0
- ° - o o o
@ +
N. __N-
H\T//N“Nf - WV \I‘_l -— N
H

Some structural resonance conformations are the major contributor or the dominant forms that the molecule exists. For example, if we
look at the above rules for estimating the stability of a molecule, we see that for the third molecule the first and second forms are the
major contributors for the overall stability of the molecule. The nitrogen is more electronegative than carbon so, it can handle the
negative charge more than carbon. A carbon with a negative charge is the least favorable conformation for the molecule to exist, so the
last resonance form contributes very little for the stability of the Ion.

Hybrid Resonance

c @

.. - ® @
tel FCln i Gl el : el
) cl: cl: cl:
) 7L K
~ & .
"

The different resonance forms that the molecule has helps and directs the reactivity to specific sites

The Hybrid Resonance forms show the different Lewis structures with the electron been delocalized. This is very important for the
reactivity of chloro-benzene because in the presence of an electrophile it will react and the formation of another bond will be directed
and determine by resonance. The long pair of electrons delocalized in the aromatic substituted ring is where it can potentially form a
new bond with an electrophile, as it is shown there are three possible places that reactivity can take place, the first to react will take
place at the para position with respect to the chloro substituent and then to either ortho position.

Contributors
o Sharon Wei (UCD), Liza Chu (UCD)

1.9: Resonance is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by LibreTexts.
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1.10: Determining Molecular Shape

Bond lengths and angles

The length of a chemical bond the distance between the centers of the two bonded atoms (the
internuclear distance.) Bond lengths have traditionally been expressed in Angstrom units, but oy fooEn femwmiiing

Tdpm 432

picometers are now preferred (1A = 108 cm = 100 pm.) Bond lengths are typically in the range 1- pe ovem oo
2 A or 100-200 pm. Even though the bond is vibrating, equilibrium bond lengths can be wu o 56 450
determined experimentally to within +1 pm. ::; ii :2

. . c—C 154 545
o 100 ' Bond lengths depend mainly on the sizes of the atoms, and = 133 613
g sonp }°F 1 secondarily on the bond strengths, the stronger bonds = o -
i =
= soo} e | tending to be shorter. Bonds involving hydrogen can be =—c1  1ee 240
g 400 oo | quite short; The shortest bond of all, H-H, is only 74 pm. B:Br iii ijs

Cl1—Cl1 . .

5 oo G BITEE Multiply-bonded atoms are closer together than singly-
§ 1—1| bonded ones; this is a major criterion for experimentally determining the multiplicity of a

a . . .
100 o2 ona 120 spra s00bond. This trend is clearly evident in the above plot which depicts the sequence of carbon-
carbon single, double, and triple bonds.

The most common method of measuring bond lengths in solids is by analysis of the diffraction or scattering of X-rays when they
pass through the regularly-spaced atoms in the crystal. For gaseous molecules, neutron- or electron-diffraction can also be used.

The complete structure of a molecule requires a specification of the coordinates of each of its atoms in
three-dimensional space. This data can then be used by computer programs to construct visualizations of
the molecule as discussed above. One such visualization of the water molecule, with bond distances and
the HOH bond angle superimposed on a space-filling model, is shown here. (It is taken from an
excellent reference source on water). The colors show the results of calculations that depict the way in
which electron charge is distributed around the three nuclei.

In most cases the focus of configuration is a carbon atom so the lines specifying bond directions will
originate there. As defined in the diagram on the right, a simple straight line represents a bond lying
approximately in the surface plane. The two bonds to substituents A in the structure on the left are of this kind. A wedge shaped
bond is directed in front of this plane (thick end toward the viewer), as shown by the bond to substituent B; and a hatched bond is
directed in back of the plane (away from the viewer), as shown by the bond to substituent D. Some texts and other sources may use
a dashed bond in the same manner as we have defined the hatched bond, but this can be confusing because the dashed bond is often
used to represent a partial bond (i.e. a covalent bond that is partially formed or partially broken).

Molecular Shape

———  normal bond

Ly TN
A/ \ED e ] hatched bond

A
‘ ———mll  wedge bond
G

______ dashed bond

The following examples make use of this notation, and also illustrate the importance of including non-bonding valence shell
electron pairs (colored blue) when viewing such configurations.

H H H

| | |
CJH;U NJ,U”
H \HH - NGH o N
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Methane Ammonia Water

Bonding configurations are readily predicted by valence-shell electron-pair repulsion theory, commonly referred to as VSEPR in
most introductory chemistry texts. This simple model is based on the fact that electrons repel each other, and that it is reasonable to
expect that the bonds and non-bonding valence electron pairs associated with a given atom will prefer to be as far apart as possible.
The bonding configurations of carbon are easy to remember, since there are only three categories.

Configuration Bonding Partners Bond Angles Example
Tetrahedral 4 109.5°
B
N
i /C"‘Q'H}
B
N
Trigonal 3 120° e,
VR
H-
--0=C=0--
Linear 2 180°

In the three examples shown above, the central atom (carbon) does not have any non-bonding valence electrons; consequently the
configuration may be estimated from the number of bonding partners alone. For molecules of water and ammonia, however, the
non-bonding electrons must be included in the calculation. In each case there are four regions of electron density associated with
the valence shell so that a tetrahedral bond angle is expected. The measured bond angles of these compounds (H,O 104.5° & NHj3
107.3°) show that they are closer to being tetrahedral than trigonal or linear. Of course, it is the configuration of atoms (not
electrons) that defines the the shape of a molecule, and in this sense ammonia is said to be pyramidal (not tetrahedral). The
compound boron trifluoride, BF3, does not have non-bonding valence electrons and the configuration of its atoms is trigonal. Nice
treatments of VSEPR theory have been provided by Oxford and Purdue. The best way to study the three-dimensional shapes of
molecules is by using molecular models. Many kinds of model kits are available to students and professional chemists.

Two Electron Groups
Our first example is a molecule with two bonded atoms and no lone pairs of electrons,
AX>: BeH»

1. The central atom, beryllium, contributes two valence electrons, and each hydrogen atom contributes one. The Lewis electron
structure is

H:Be:H or H—Be—H

Lewis structure

2. There are two electron groups around the central atom. We see from Figure 9.2.2 that the arrangement that minimizes repulsions
places the groups 180° apart.

3. Both groups around the central atom are bonding pairs (BP). Thus BeH; is designated as AX;.

4. From Figure 9.2.3 we see that with two bonding pairs, the molecular geometry that minimizes repulsions in BeH, is linear.
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AXs: CO»
1. The central atom, carbon, contributes four valence electrons, and each oxygen atom contributes six. The Lewis electron structure
is

go ez
2. The carbon atom forms two double bonds. Each double bond is a group, so there are two electron groups around the central
atom. Like BeHp, the arrangement that minimizes repulsions places the groups 180° apart.
3. Once again, both groups around the central atom are bonding pairs (BP), so CO is designated as AX».

4. VSEPR only recognizes groups around the central atom. Thus the lone pairs on the oxygen atoms do not influence the molecular
geometry. With two bonding pairs on the central atom and no lone pairs, the molecular geometry of CO, is linear (Figure 9.2.3).
The structure of CO, is shown in Figure 9.2.2.1.

Three Electron Groups

AXs: BC|3

1. The central atom, boron, contributes three valence electrons, and each chlorine atom contributes seven valence electrons. The
Lewis electron structure is

7 Ny

an o oc

Lewis structure
2. There are three electron groups around the central atom. To minimize repulsions, the groups are placed 120° apart (Figure 9.2.2).
3. All electron groups are bonding pairs (BP), so the structure is designated as AXs.

4. From Figure 9.2.3 we see that with three bonding pairs around the central atom, the molecular geometry of BCl3 is trigonal
planar, as shown in Figure 9.2.2.1.

AXg: COg%~

1. The central atom, carbon, has four valence electrons, and each oxygen atom has six valence electrons. As you learned previously,
the Lewis electron structure of one of three resonance forms is represented as

.... 2_

Lewis structure

2. The structure of C032_ is a resonance hybrid. It has three identical bonds, each with a bond order of . We minimize
repulsions by placing the three groups 120° apart (Figure 9.2.2).

3. All electron groups are bonding pairs (BP). With three bonding groups around the central atom, the structure is designated as
AX,.

4. We see from Figure 9.2.3 that the molecular geometry of CO3?" is trigonal planar.

Molecular geometry
(trigonal planar)
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In our next example we encounter the effects of lone pairs and multiple bonds on molecular geometry for the first time.

AX,E: SO,
1. The central atom, sulfur, has 6 valence electrons, as does each oxygen atom. With 18 valence electrons, the Lewis electron
structure is shown below.

<
T s

2. There are three electron groups around the central atom, two double bonds and one lone pair. We initially place the groups in a
trigonal planar arrangement to minimize repulsions (Figure 9.2.2).

3. There are two bonding pairs and one lone pair, so the structure is designated as AX,E. This designation has a total of three
electron pairs, two X and one E. Because a lone pair is not shared by two nuclei, it occupies more space near the central atom than
a bonding pair (Figure 9.2.4). Thus bonding pairs and lone pairs repel each other electrostatically in the order BP-BP < LP-BP <
LP-LP. In SO,, we have one BP-BP interaction and two LP-BP interactions.

4. The molecular geometry is described only by the positions of the nuclei, not by the positions of the lone pairs. Thus with two
nuclei and one lone pair the shape is bent, or V shaped, which can be viewed as a trigonal planar arrangement with a missing vertex
(Figures 9.2.2.1 and 9.2.3).

S8R

Electron density
shared between
NandH

Figure 9.2.4: The Difference in the Space Occupied by a Lone Pair of Electrons and by a Bonding Pair

As with SO, this composite model of electron distribution and negative electrostatic potential in ammonia shows that a lone pair of
electrons occupies a larger region of space around the nitrogen atom than does a bonding pair of electrons that is shared with a
hydrogen atom.

Like lone pairs of electrons, multiple bonds occupy more space around the central atom than a single bond, which can cause other
bond angles to be somewhat smaller than expected. This is because a multiple bond has a higher electron density than a single
bond, so its electrons occupy more space than those of a single bond. For example, in a molecule such as CH,O (AX3), whose
structure is shown below, the double bond repels the single bonds more strongly than the single bonds repel each other. This causes
a deviation from ideal geometry (an H-C—H bond angle of 116.5° rather than 120°).

- 116.5° )

Four Electron Groups

One of the limitations of Lewis structures is that they depict molecules and ions in only two dimensions. With four electron groups,
we must learn to show molecules and ions in three dimensions.

AX,4: CHy
1. The central atom, carbon, contributes four valence electrons, and each hydrogen atom has one valence electron, so the full Lewis
electron structure is
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Lewis structure

2. There are four electron groups around the central atom. As shown in Figure 9.2.2, repulsions are minimized by placing the
groups in the corners of a tetrahedron with bond angles of 109.5°.

3. All electron groups are bonding pairs, so the structure is designated as AX,.

4. With four bonding pairs, the molecular geometry of methane is tetrahedral (Figure 9.2.3).

Molecular geometry
(tetrahedral)

AX3EZ NH3

1. In ammonia, the central atom, nitrogen, has five valence electrons and each hydrogen donates one valence electron, producing
the Lewis electron structure

H—$—H
H

Lewis structure
2. There are four electron groups around nitrogen, three bonding pairs and one lone pair. Repulsions are minimized by directing

each hydrogen atom and the lone pair to the corners of a tetrahedron.

3. With three bonding pairs and one lone pair, the structure is designated as AX3E. This designation has a total of four electron
pairs, three X and one E. We expect the LP-BP interactions to cause the bonding pair angles to deviate significantly from the
angles of a perfect tetrahedron.

4. There are three nuclei and one lone pair, so the molecular geometry is trigonal pyramidal. In essence, this is a tetrahedron with a
vertex missing (Figure 9.2.3). However, the H-N-H bond angles are less than the ideal angle of 109.5° because of LP-BP
repulsions (Figure 9.2.3 and Figure 9.2.4).

AXZEZ: Hzo

1. Oxygen has six valence electrons and each hydrogen has one valence electron, producing the Lewis electron structure
2. There are four groups around the central oxygen atom, two bonding pairs and two lone pairs. Repulsions are minimized by

directing the bonding pairs and the lone pairs to the corners of a tetrahedron Figure 9.2.2.

3. With two bonding pairs and two lone pairs, the structure is designated as AX,E, with a total of four electron pairs. Due to LP—
LP, LP-BP, and BP-BP interactions, we expect a significant deviation from idealized tetrahedral angles.

4. With two hydrogen atoms and two lone pairs of electrons, the structure has significant lone pair interactions. There are two
nuclei about the central atom, so the molecular shape is bent, or V shaped, with an H-O-H angle that is even less than the H-N-H
angles in NH;, as we would expect because of the presence of two lone pairs of electrons on the central atom rather than one.. This
molecular shape is essentially a tetrahedron with two missing vertices.
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1.11: Drawing Organic Structures

It is necessary to draw structural formulas for organic compounds because in most cases a molecular formula does not uniquely
represent a single compound. Different compounds having the same molecular formula are called isomers, and the prevalence of
organic isomers reflects the extraordinary versatility of carbon in forming strong bonds to itself and to other elements. When the
group of atoms that make up the molecules of different isomers are bonded together in fundamentally different ways, we refer to
such compounds as constitutional isomers. There are seven constitutional isomers of C4H190, and structural formulas for these
are drawn in the following table. These formulas represent all known and possible C4H190O compounds, and display a common
structural feature. There are no double or triple bonds and no rings in any of these structures.

Structural Formulas for C4H;(O isomers

Kekulé Formula Condensed Formula Shorthand Formula
H
H : ot CHL(CH, )50 e
H
0-H
H II H C,H CH(OHICH,
H OH
’{ HoH
L I |
H/C“‘*lic—c—o—n (CH,),CHCH, OH OH
ol |

i
—cn CH, 1,COH ><
5 (CH,); on
H

H H H
H—E::—- —o—c::—c::—ﬂ (C,H.),0 g
H H H

W —G—G—0—¢ —H CH,(CH,),0CH, e O

H

]
~fo—c— (CH,),CHOCH, \rn\

H

Simplification of structural formulas may be achieved without any loss of the information they convey. In condensed structural
formulas the bonds to each carbon are omitted, but each distinct structural unit (group) is written with subscript numbers
designating multiple substituents, including the hydrogens. Sheorthand (line) formulas omit the symbols for carbon and hydrogen
entirely. Each straight line segment represents a bond, the ends and intersections of the lines are carbon atoms, and the correct
number of hydrogens is calculated from the tetravalency of carbon. Non-bonding valence shell electrons are omitted in these
formulas.

Developing the ability to visualize a three-dimensional structure from two-dimensional formulas requires practice, and in most
cases the aid of molecular models. As noted earlier, many kinds of model kits are available to students and professional chemists,
and the beginning student is encouraged to obtain one.

Kekulé Formula

A structural formula displays the atoms of the molecule in the order they are bonded. It also depicts how the atoms are bonded to
one another, for example single, double, and triple covalent bond. Covalent bonds are shown using lines. The number of dashes
indicate whether the bond is a single, double, or triple covalent bond. Structural formulas are helpful because they explain the
properties and structure of the compound which empirical and molecular formulas cannot always represent.

H H

H—C—C—0—H

Ex. Kekulé Formula for Ethanol: H H
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Condensed Formula

Condensed structural formulas show the order of atoms like a structural formula but are written in a single line to save space and
make it more convenient and faster to write out. Condensed structural formulas are also helpful when showing that a group of
atoms is connected to a single atom in a compound. When this happens, parenthesis are used around the group of atoms to show
they are together.

Ex. Condensed Structural Formula for Ethanol: CH;CH,OH (Molecular Formula for Ethanol C,HgO).

Shorthand Formula

Because organic compounds can be complex at times, line-angle formulas are used to write carbon and hydrogen atoms more
efficiently by replacing the letters with lines. A carbon atom is present wherever a line intersects another line. Hydrogen atoms are
then assumed to complete each of carbon's four bonds. All other atoms that are connected to carbon atoms are written out. Line
angle formulas help show structure and order of the atoms in a compound making the advantages and disadvantages similar to
structural formulas.

Ex.Shorthand Formula for Ethanol: SN OH
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1.12: Hybridization

Formation of sigma bonds: the H, molecule

The simplest case to consider is the hydrogen molecule, Hy. When we say that the two electrons from each of the hydrogen atoms
are shared to form a covalent bond between the two atoms, what we mean in valence bond theory terms is that the two spherical 1s
orbitals overlap, allowing the two electrons to form a pair within the two overlapping orbitals.

@ Y &I
H H H,

These two electrons are now attracted to the positive charge of both of the hydrogen nuclei, with the result that they serve as a sort
of ‘chemical glue’ holding the two nuclei together.

Bonding in Methane

Now let’s turn to methane, the simplest organic molecule. Recall the valence electron configuration of the central carbon:

[]

2 Zpx 2py  2p,
This picture, however, is problematic. How does the carbon form four bonds if it has only two half-filled p orbitals available for
bonding? A hint comes from the experimental observation that the four C-H bonds in methane are arranged with tetrahedral
geometry about the central carbon, and that each bond has the same length and strength. In order to explain this observation,
valence bond theory relies on a concept called orbital hybridization. In this picture, the four valence orbitals of the carbon (one 2s
and three 2p orbitals) combine mathematically (remember: orbitals are described by equations) to form four equivalent hybrid
orbitals, which are named sp> orbitals because they are formed from mixing one s and three p orbitals. In the new electron
configuration, each of the four valence electrons on the carbon occupies a single sp® orbital.

ODQBOD ? 9o
MO0 — 00
2s < 2y 2p, sp?

2py

The sp® hybrid orbitals, like the p orbitals of which they are partially composed, are oblong in shape, and have two lobes of
opposite sign. Unlike the p orbitals, however, the two lobes are of very different size. The larger lobes of the sp> hybrids are
directed towards the four corners of a tetrahedron, meaning that the angle between any two orbitals is 109.5°.

This geometric arrangement makes perfect sense if you consider that it is precisely this angle that allows the four orbitals (and the
electrons in them) to be as far apart from each other as possible.This is simply a restatement of the Valence Shell Electron Pair
Repulsion (VSEPR) theory that you learned in General Chemistry: electron pairs (in orbitals) will arrange themselves in such a
way as to remain as far apart as possible, due to negative-negative electrostatic repulsion.

Each C-H bond in methane, then, can be described as an overlap between a half-filled 1s orbital in a hydrogen atom and the larger
lobe of one of the four half-filled sp* hybrid orbitals in the central carbon. The length of the carbon-hydrogen bonds in methane is
1.09 A (1.09 x 10710 m).
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While previously we drew a Lewis structure of methane in two dimensions using lines to denote each covalent bond, we can now
draw a more accurate structure in three dimensions, showing the tetrahedral bonding geometry. To do this on a two-dimensional
page, though, we need to introduce a new drawing convention: the solid / dashed wedge system. In this convention, a solid wedge
simply represents a bond that is meant to be pictured emerging from the plane of the page. A dashed wedge represents a bond that
is meant to be pictured pointing into, or behind, the plane of the page. Normal lines imply bonds that lie in the plane of the page.

going into H in the
plane of
the page ' / the page
od
He \
H
HON

coming out of
the page

This system takes a little bit of getting used to, but with practice your eye will learn to immediately ‘see’ the third dimension being
depicted.

Example

Imagine that you could distinguish between the four hydrogens in a methane molecule, and labeled them H, through H,. In the images
below, the exact same methane molecule is rotated and flipped in various positions. Draw the missing hydrogen atom labels. (It will be
much easier to do this if you make a model.)

'Tla
H?_‘;C‘I.C\Hb
s Ho Ha
a) Hi\l;/‘C\Hc b) HG/C\'}'_;?H‘? ) Ha‘;/C\HC

Example

Describe, with a picture and with words, the bonding in chloroform, CHCI;.
Solutions

lone pair bonding
—
Nitrogen -
2s 2py 2py 2p, Sp3

The bonding arrangement here is also tetrahedral: the three N-H bonds of ammonia can be pictured as forming the base of a
trigonal pyramid, with the fourth orbital, containing the lone pair, forming the top of the pyramid.
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Recall from your study of VSEPR theory in General Chemistry that the lone pair, with its slightly greater repulsive effect, ‘pushes’
the three N-H sbonds away from the top of the pyramid, meaning that the H-N-H bond angles are slightly less than tetrahedral, at
107.3° rather than 109.5°.

VSEPR theory also predicts, accurately, that a water molecule is ‘bent’ at an angle of approximately 104.5°. It would seem logical,
then, to describe the bonding in water as occurring through the overlap of sp3-hybrid orbitals on oxygen with 1sorbitals on the two
hydrogen atoms. In this model, the two nonbonding lone pairs on oxygen would be located in sp orbitals.

Oxygen
2s sp’

2px  2py  2p,

Some experimental evidence, however, suggests that the bonding orbitals on the oxygen are actually unhybridized 2p orbitals rather
than sp® hybrids. Although this would seem to imply that the H-O-H bond angle should be 90° (remember that p orbitals are
oriented perpendicular to one another), it appears that electrostatic repulsion has the effect of distorting this p-orbital angle to
104.5°. Both the hybrid orbital and the nonhybrid orbital models present reasonable explanations for the observed bonding
arrangement in water, so we will not concern ourselves any further with the distinction.

Example

Draw, in the same style as the figures above, an orbital picture for the bonding in methylamine.

Solution

Formation of 7 bonds - sp? and sp hybridization

The valence bond theory, along with the hybrid orbital concept, does a very good job of describing double-bonded compounds such
as ethene. Three experimentally observable characteristics of the ethene molecule need to be accounted for by a bonding model:

1. Ethene is a planar (flat) molecule.

2. Bond angles in ethene are approximately 120°, and the carbon-carbon bond length is 1.34 A, significantly shorter than the 1.54
A single carbon-carbon bond in ethane.

3. There is a significant barrier to rotation about the carbon-carbon double bond.

/ N
H ] H

no rotation

Clearly, these characteristics are not consistent with an sp> hybrid bonding picture for the two carbon atoms. Instead, the bonding in
ethene is described by a model involving the participation of a different kind of hybrid orbital. Three atomic orbitals on each
carbon — the 2s, 2py and 2py, orbitals — combine to form three sp® hybrids, leaving the 2p, orbital unhybridized.

Qoo P S
D—-m H

2p  2py  2p, sp2 2p,

The three sp® hybrids are arranged with trigonal planar geometry, pointing to the three corners of an equilateral triangle, with
angles of 120°between them. The unhybridized 2p, orbital is perpendicular to this plane (in the next several figures, sp® orbitals

https://chem.libretexts.org/@go/page/30335



https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/30335?pdf
https://chem.libretexts.org/Under_Construction/Purgatory/Book%3A_Organic_Chemistry_with_a_Biological_Emphasis_(Soderberg)/Solution_Manual/Chapter_01_Solutions

LibreTextsm

and the sigma bonds to which they contribute are represented by lines and wedges; only the 2p, orbitals are shown in the 'space-

filling' mode).
%, i
" e

side view top view

The carbon-carbon double bond in ethene consists of one sbond, formed by the overlap of two sp? orbitals, and a second bond,

calleda Tt (pi) bond, which is formed by the side-by-side overlap of the two unhybridized 2p, orbitals from each carbon.

'side-by-side' () overlap

spacefilling image of bonding in ethene

The pi bond does not have symmetrical symmetry. Because they are the result of side-by-side overlap (rather then end-to-end
overlap like a sigma bond), pi bonds are not free to rotate. If rotation about this bond were to occur, it would involve disrupting the
side-by-side overlap between the two 2p, orbitals that make up the pi bond. The presence of the pi bond thus ‘locks’ the six atoms
of ethene into the same plane. This argument extends to larger alkene groups: in each case, the six atoms of the group form a single
plane.

6 bold atoms are all
locked on the same plane

| cx
H,,,. /H | 3

C.__C
HO™ \cl/ “CH;
H

Conversely, sbonds such as the carbon-carbon single bond in ethane (CH3;CH3) exhibit free rotation, and can assume many different
conformations, or shapes - this is one of the main subjects of Chapter 3.

Example 1.20

Circle the six atoms in the molecule below that are ‘locked’ into the same plane.

H
(0]

\
L= R
’ U

Example

What kinds of orbitals are overlapping in bonds a-d indicated below?
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Example

What is wrong with the way the following structure is drawn?
HO ®

HO
L-dopa o

Solutions

A similar picture can be drawn for the bonding in carbonyl groups, such as formaldehyde. In this molecule, the carbon is sp-
hybridized, and we will assume that the oxygen atom is also sp? hybridized. The carbon has three sigma bonds: two are formed by
overlap between two of its sp® orbitals with the 1sorbital from each of the hydrogens, and the third sigma bond is formed by
overlap between the remaining carbon sp? orbital and an sp? orbital on the oxygen. The two lone pairs on oxygen occupy its other
two sp? orbitals.

O
|

AN

H H
formaldehyde

0=

The pi bond is formed by side-by-side overlap of the unhybridized 2p, orbitals on the carbon and the oxygen. Just like in alkenes,
the 2p, orbitals that form the pi bond are perpendicular to the plane formed by the sigma bonds.

Example

Describe and draw the bonding picture for the imine group shown below. Use the drawing of formaldehyde above as your guide.

Solution

Contributors
e Organic Chemistry With a Biological Emphasis by Tim Soderberg (University of Minnesota, Morris)
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1.13: Ethane, Ethylene, and Acetylene

Bonding in Ethane

In the ethane molecule, the bonding picture according to valence orbital theory is very similar to that of methane. Both carbons are
sp>-hybridized, meaning that both have four bonds arranged with tetrahedral geometry. The carbon-carbon bond, with a bond
length of 1.54 A, is formed by overlap of one sp? orbital from each of the carbons, while the six carbon-hydrogen bonds are formed
from overlaps between the remaining sp> orbitals on the two carbons and the 1s orbitals of hydrogen atoms. All of these are sigma
bonds.

H i
\ /
.c—C.
I 1\
H H

H" H

Because they are formed from the end-on-end overlap of two orbitals, sigma bonds are free to rotate. This means, in the case of
ethane molecule, that the two methyl (CH3) groups can be pictured as two wheels on a hub, each one able to rotate freely with
respect to the other.

Jfree rotation

Ha | pa Hy Mo
N\ -

H\‘._.cpfci._,,,H e C—c\" b

W R W,

In chapter 3 we will learn more about the implications of rotational freedom in sigma bonds, when we discuss the ‘conformation’
of organic molecules.

The sp® bonding picture is also used to described the bonding in amines, including ammonia, the simplest amine. Just like the
carbon atom in methane, the central nitrogen in ammonia is sp>-hybridized. With nitrogen, however, there are five rather than four
valence electrons to account for, meaning that three of the four hybrid orbitals are half-filled and available for bonding, while the
fourth is fully occupied by a (non-bonding) pair of electrons.

C,Hy, also known as ethylene or ethene, is a gaseous material created synthetically through steam cracking. In nature, it is released
in trace amounts by plants to signal their fruits to ripen. Ethene consists of two sp>-hybridized carbon atoms, which are sigma
bonded to each other and to two hydrogen atoms each. The remaining unhybridized p orbitals on the carbon form a pi bond, which
gives ethene its reactivity.

Bonding in Ethene

A key component of using Valence Bond Theory correctly is being able to use the Lewis dot diagram correctly. Ethene has a
double bond between the carbons and single bonds between each hydrogen and carbon: each bond is represented by a pair of dots,
which represent electrons. Each carbon requires a full octet and each hydrogen requires a pair of electrons. The correct Lewis
structure for ethene is shown below:

For more information on how to use Lewis Dot Structures refer to http://chemwiki.ucdavis.edu/Wikitext...wis_Structures.

Valence Shell Electron Pair Repulsion (VSEPR) Theory is used to predict the bond angles and spatial positions of the carbon and
hydrogen atoms of ethene and to determine the bond order of the carbon atoms (the number of bonds formed between them). Each
carbon atom is of the general arrangement AX5, where A is the central atom surrounded by three other atoms (denoted by X);
compounds of this form adopt trigonal planar geometry, forming 120 degree bond angles. In order for the unhybridized p orbitals to
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successfully overlap, the CH; must be coplanar: therefore, C;Hy is a planar molecule and each bond angle is about 120 degrees.
The diagram below shows the bond lengths and hydrogen-carbon-carbon bond angles of ethene:

H 121.3° H

‘(C\:C//‘mm pm
/—>\
H eem

According to valence bond theory, two atoms form a covalent bond through the overlap of individual half-filled valence atomic
orbitals, each containing one unpaired electron. In ethene, each hydrogen atom has one unpaired electron and each carbon is sp?
hybridized with one electron each sp? orbital. The fourth electron is in the p orbital that will form the pi bond. The bond order for
ethene is simply the number of bonds between each atom: the carbon-carbon bond has a bond order of two, and each carbon-
hydrogen bond has a bond order of one. For more information see
http://chemwiki.ucdavis.edu/Wikitexts/UCD_Chem_124A%3a_Kauzlarich/ChemWiki_Module_Topics/VSEPR

Bonding in acetylene

Finally, the hybrid orbital concept applies well to triple-bonded groups, such as alkynes and nitriles. Consider, for example, the
structure of ethyne (common name acetylene), the simplest alkyne.

H—C=C—H

ethyne
(acetylene)

This molecule is linear: all four atoms lie in a straight line. The carbon-carbon triple bond is only 1.20A long. In the hybrid orbital
picture of acetylene, both carbons are sp-hybridized. In an sp-hybridized carbon, the 2s orbital combines with the 2p, orbital to
form two sp hybrid orbitals that are oriented at an angle of 180°with respect to each other (eg. along the x axis). The 2p and 2p,
orbitals remain unhybridized, and are oriented perpendicularly along the y and z axes, respectively.

()cxag P &S] E{cp
Carbon D -
2s sp

2px  2py  2p, 2py  2p,

2}’)), 2 (perpendicular to
\l /PZ plane of the page)
sp sp

The C-C sigma bond, then, is formed by the overlap of one sp orbital from each of the carbons, while the two C-H sigma bonds are
formed by the overlap of the second sp orbital on each carbon with a 1s orbital on a hydrogen. Each carbon atom still has two half-
filled 2p, and 2p, orbitals, which are perpendicular both to each other and to the line formed by the sigma bonds. These two
perpendicular pairs of p orbitals form two pi bonds between the carbons, resulting in a triple bond overall (one sigma bond plus two
pi bonds).

H-C=C-H H
QOIS0

o bonding framework w overlap

The hybrid orbital concept nicely explains another experimental observation: single bonds adjacent to double and triple bonds are
progressively shorter and stronger than ‘normal’ single bonds, such as the one in a simple alkane. The carbon-carbon bond in
ethane (structure A below) results from the overlap of two sp® orbitals.
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sp-sp? sp-sp? sp-sp°
HH |
KX H.  LlcH, 1
H—CC—H ~c=c_ H—C=C " CH,
[ H H
H H
A B c

In alkene B, however, the carbon-carbon single bond is the result of overlap between an sp? orbital and an sp? orbital, while in
alkyne C the carbon-carbon single bond is the result of overlap between an sp orbital and an sp3 orbital. These are all single bonds,
but the bond in molecule C is shorter and stronger than the one in B, which is in turn shorter and stronger than the one in A.

The explanation here is relatively straightforward. An sp orbital is composed of one s orbital and one p orbital, and thus it has 50%
s character and 50% p character. sp orbitals, by comparison, have 33% s character and 67% p character, while sp> orbitals have
25% s character and 75% p character. Because of their spherical shape, 2s orbitals are smaller, and hold electrons closer and
‘tighter” to the nucleus, compared to 2p orbitals. Consequently, bonds involving sp + sp> overlap (as in alkyne C) are shorter and
stronger than bonds involving sp? + sp> overlap (as in alkene B). Bonds involving sp3-sp3overlap (as in alkane A) are the longest
and weakest of the group, because of the 75% ‘p’ character of the hybrids.

Contributors
e Organic Chemistry With a Biological Emphasis by Tim Soderberg (University of Minnesota, Morris)
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2.1: Brgnsted—Lowry Acids and Bases

In 1923, chemists Johannes Brgnsted and Martin Lowry independently developed definitions of acids and bases based on
compounds abilities to either donate or accept protons (H" ions). Here, acids are defined as being able to donate protons in the form
of hydrogen ions; whereas bases are defined as being able to accept protons. This took the Arrhenius definition one step further as
water is no longer required to be present in the solution for acid and base reactions to occur.

Brgnsted-Lowery Definition

J.N. Brensted and T.M. Lowry independently developed the theory of proton donors and proton acceptors in acid-base reactions,
coincidentally in the same region and during the same year. The Arrhenius theory where acids and bases are defined by whether the
molecule contains hydrogen and hydroxide ion is too limiting. The main effect of the Brensted-Lowry definition is to identify the
proton (H+) transfer occurring in the acid-base reaction. This is best illustrated in the following equation:

HA+Z=A +HZ* (2.1.1)
Acid Base
Donates hydrogen ions Accepts hydrogen ions.
HCI* HOH - H;0" + CI"
HOH* NH; - NH," + OH"

The determination of a substance as a Brgnsted-Lowery acid or base can only be done by observing the reaction. In the case of the
HOH it is a base in the first case and an acid in the second case.

To determine whether a substance is an acid or a base, count the hydrogens on each substance before and after the reaction. If the
number of hydrogens has decreased that substance is the acid (donates hydrogen ions). If the number of hydrogens has increased
that substance is the base (accepts hydrogen ions). These definitions are normally applied to the reactants on the left. If the reaction
is viewed in reverse a new acid and base can be identified. The substances on the right side of the equation are called conjugate
acid and conjugate base compared to those on the left. Also note that the original acid turns in the conjugate base after the reaction
is over.

Acids are Proton Donors and Bases are Proton Acceptors

For a reaction to be in equilibrium a transfer of electrons needs to occur. The acid will give an electron away and the base will
receive the electron. Acids and Bases that work together in this fashion are called a conjugate pair made up of conjugate acids and
conjugate bases.

HA+Z=A +HZ* (2.1.2)

A stands for an Acidic compound and Z stands for a Basic compound

o A Donates H to form HZ".
o 7 Accepts H from A which forms HZ*
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e A~ becomes conjugate base of HA and in the reverse reaction it accepts a H from HZ to recreate HA in order to remain in
equilibrium

e HZ* becomes a conjugate acid of Z and in the reverse reaction it donates a H to A™ recreating Z in order to remain in
equilibrium

Questions
1. Why is HA an Acid?
2. Why is Z~ a Base?
3. How can A™ be a base when HA was and Acid?
4. How can HZ" be an acid when Z used to be a Base?

Now that we understand the concept, let's look at an an example with actual compounds!
HCI+ H,O= H;0" +Cl (2.1.3)

o HCL is the acid because it is donating a proton to H,O

H,O is the base because H,O is accepting a proton from HCL

e H;0" is the conjugate acid because it is donating an acid to CL turn into it's conjugate acid H,O
e CI is the conjugate base because it accepts an H from H;O to return to it's conjugate acid HCI

How can H;O be a base? I thought it was neutral?

Answers
1. It has a proton that can be transferred
2. It receives a proton from HA
3. A" is a conjugate base because it is in need of a H in order to remain in equilibrium and return to HA
4. HZ" is a conjugate acid because it needs to donate or give away its proton in order to return to it's previous state of Z
5. In the Brgnsted-Lowry Theory what makes a compound an element or a base is whether or not it donates or accepts protons. If
the H>O was in a different problem and was instead donating an H rather than accepting an H it would be an acid!

Conjugate Acid—Base Pairs

In aqueous solutions, acids and bases can be defined in terms of the transfer of a proton from an acid to a base. Thus for every
acidic species in an aqueous solution, there exists a species derived from the acid by the loss of a proton. These two species that
differ by only a proton constitute a conjugate acid—base pair.

I All acid-base reactions contain two conjugate acid—base pairs.
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For example, in the reaction of HCl with water, HCI, the parent acid, donates a proton to a water molecule, the parent base, thereby
forming CI". Thus HCI and CI” constitute a conjugate acid—base pair. By convention, we always write a conjugate acid—base pair as

the acid followed by its conjugate base. In the reverse reaction, the Cl™ ion in solution acts as a base to accept a proton from

H,0 and HCI. Thus H30" and H,O constitute a second conjugate acid-base pair. In general, any acid-base reaction must
contain two conjugate acid-base pairs, which in this case are HCl/Cl- and H3;0"/H,0.

proton gained
H + proton lost

L]
A=Cit _Ogn — | Ogn | +
H H

HCl(aq) H,0(l) H;0%(aq) Cl™(aq)
parent acid parent base conjugate acid conjugate base

| — |

Similarly, in the reaction of acetic acid with water, acetic acid donates a proton to water, which acts as the base. In the reverse
reaction, H3O™ is the acid that donates a proton to the acetate ion, which acts as the base. Once again, we have two conjugate

acid-base pairs: the parent acid and its conjugate base (CH3CO,H/CH3CO5;") and the parent base and its conjugate acid

(H;0%/H,0).
proton gained proton lost
. e + .o -
‘0° . H o’
| L | I
/C\._/H _Ouy == ._/OQ‘H + P SN
HsC 9 ’ H H H;C Ok
CH3CO,H(aq) H,0(l) H;0%(aq) CH3CO, (aq)
parent acid parent base conjugate acid conjugate base
e —
Figure 2.1.2

In the reaction of ammonia with water to give ammonium ions and hydroxide ions (Figure 16.3), ammonia acts as a base by
accepting a proton from a water molecule, which in this case means that water is acting as an acid. In the reverse reaction, an
ammonium ion acts as an acid by donating a proton to a hydroxide ion, and the hydroxide ion acts as a base. The conjugate acid—
base pairs for this reaction are NH;*/NH3 and H,O/OH".

proton gained proton lost
H * -
I N* ]

i, + i, _ b, F o
o H H “UN H HTON H N
H H H H

H,O()) NH3(aq) NH,*(aq) OH™(aq)

parentacid parent base conjugate acid conjugate base
|

Figure 2.1.3: The Relative Strengths of Some Common Conjugate Acid-Base Pairs

Some common conjugate acid-base pairs are shown in Figure 2.1.4.
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negligible

weak

<—Relative acid strength increasing
Relative base strength increasing—

H,PO,~
HSO;~

=)
|
negligible

Figure 2.1.4: The strongest acids are at the bottom left, and the strongest bases are at the top right. The conjugate base of a strong
acid is a very weak base, and, conversely, the conjugate acid of a strong base is a very weak acid.
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2.2: Reactions of Brgnsted—Lowry Acids and Bases

The Brgnsted-Lowry definition of acidity

We’ll begin our discussion of acid-base chemistry with a couple of essential definitions. The first of these definitions was proposed
in 1923 by the Danish chemist Johannes Brensted and the English chemist Thomas Lowry, and has come to be known as the
Brgnsted-Lowry definition of acids and bases. An acid, by the Brgnsted-Lowry definition, is a species which is able to donate a
proton (H"), while a base is a proton acceptor. We have already discussed in the previous chapter one of the most familiar examples
of a Brgnsted-Lowry acid-base reaction, between hydrochloric acid and hydroxide ion:

H (5]

. .
H—0" G H ot + <€k
bere aid canjusats acid  corgugats beave

In this reaction, a proton is transferred from HCI (the acid, or proton donor) to hydroxide (the base, or proton acceptor). As we
learned in the previous chapter, curved arrows depict the movement of electrons in this bond-breaking and bond-forming process.

After a Bronsted-Lowry acid donates a proton, what remains — in this case, a chloride ion — is called the conjugate base. Chloride
is thus the conjugate base of hydrochloric acid. Conversely, when a Brgnsted-Lowry base accepts a proton it is converted into its
conjugate acid form: water is thus the conjugate acid of hydroxide.

We can also talk about conjugate acid/base pairs: the two acid/base pairs involved in our first reaction are hydrochloric
acid/chloride and hydroxide/water. In this next acid-base reaction, the two pairs involved are acetate/acetic acid and methyl

ammonium/methylamine:
0 . 0 H
Y HoMooy, ——== C.o + °h
- L -,
Hoc o7t H 3 H.C™ 0 Hi¢ ~ch,
H-A B A H-B*
acid bewe bxe acid

Throughout this text, we will often use the abbreviations HA and :B in order to refer in a general way to acidic and basic reactants:

H
0 0 .
: /ﬁ@fl\]‘) il H"'N .
L. la HH; “CHs L. H 7 i CHa

H.C™ 0" H,C™ 07
A H-B* H-A ‘B
base acid acid bease

In order to act as a proton acceptor, a base must have a reactive pair of electrons. In all of the examples we shall see in this
chapter, this pair of electrons is a non-bonding lone pair, usually (but not always) on an oxygen, nitrogen, sulfur, or halogen atom.
When acetate acts as a base in the reaction shown above, for example, one of its oxygen lone pairs is used to form a new bond to a
proton. The same can be said for an amine acting as a base. Clearly, methyl ammonium ion cannot act as a base — it does not have a
reactive pair of electrons with which to accept a new bond to a proton.

na lors pair to
accepl a proton
H
..rl\]@ + H—A —— noreaction
‘4 "CHy
H acid

Later, in chapter 15, we will see several examples where the (relatively) reactive pair of electrons in a 7 bond act in a basic fashion.

pel 15 drawn toward ophile, actiing as phil pelectrons drawn toward proton, actiing as base

© HCA
c e
AN ~ . ~ v e |

E
|
e . >C@,‘Cf or e . L

In this chapter, we will concentrate on those bases with non-bonding (lone pair) electrons.
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Exercise 7.1: Draw structures for the missing conjugate acids or conjugate bases in the reactions below.

A
/—\ H@-"L“o
a) F’O—\\//\[, NH2

p—

HO  DH

Ho
.
O (p-§—oH
<0 0
Hc” T

Solution
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2.3: Acid Strength and p K a pKa

You are no doubt aware that some acids are stronger than others. Sulfuric acid is strong enough to be used as a drain cleaner, as it
will rapidly dissolve clogs of hair and other organic material.

0

I

HO*ls‘*OH
o]

sulfuric acid

Not surprisingly, concentrated sulfuric acid will also cause painful burns if it touches your skin, and permanent damage if it gets in
your eyes (there’s a good reason for those safety goggles you wear in chemistry lab!). Acetic acid (vinegar), will also burn your
skin and eyes, but is not nearly strong enough to make an effective drain cleaner. Water, which we know can act as a proton donor,
is obviously not a very strong acid. Even hydroxide ion could theoretically act as an acid — it has, after all, a proton to donate — but
this is not a reaction that we would normally consider to be relevant in anything but the most extreme conditions.

The relative acidity of different compounds or functional groups — in other words, their relative capacity to donate a proton to a
common base under identical conditions — is quantified by a number called the dissociation constant, abbreviated K,. The
common base chosen for comparison is water.

We will consider acetic acid as our first example. When a small amount of acetic acid is added to water, a proton-transfer event
(acid-base reaction) occurs to some extent.

o e} H
g H/\O g + lO@
n P
H3C/ \O/ H/ \H R —— ch/ \Oe H H
H-A B A H-B*
acetic acid water acetate ion hydronium ion

Notice the phrase ‘to some extent’ — this reaction does not run to completion, with all of the acetic acid converted to acetate, its
conjugate base. Rather, a dynamic equilibrium is reached, with proton transfer going in both directions (thus the two-way arrows)
and finite concentrations of all four species in play. The nature of this equilibrium situation, as you recall from General Chemistry,
is expressed by an equilibrium constant, K,q. The equilibrium constant is actually a ratio of activities (represented by the symbol
a), but activities are rarely used in courses other than analytical or physical chemistry. To simplify the discussion for general
chemistry and organic chemistry courses, the activities of all of the solutes are replaced with molarities, and the activity of the
solvent (usually water) is defined as having the value of 1.

In our example, we added a small amount of acetic acid to a large amount of water: water is the solvent for this reaction. Therefore,
in the course of the reaction, the concentration of water changes very little, and the water can be treated as a pure solvent, which is
always assigned an activity of 1. The acetic acid, acetate ion and hydronium ion are all solutes, and so their activities are
approximated with molarities. The acid dissociation constant, or K, for acetic acid is therefore defined as:

Acmy,co0- Aot [CH3COO”|[H307]

Keg = ~ 2.3.1
g ACH;COOH * @H,0 [CHgCOOH] [1] ( )

Because dividing by 1 does not change the value of the constant, the "1" is usually not written, and Kj is written as:

[CH;CO0| [H30+]
[CH;COOH]

Koy =K, = =1.75x10°° (2.3.2)

In more general terms, the dissociation constant for a given acid is expressed as:

[A][H;07]

Ke=""Ta

(2.3.3)

or
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K,= % (234)

The first expression applies to a neutral acid such as like HCI or acetic acid, while the second applies to a cationic acid like
ammonium (NH,").

The value of K, = 1.75 x 10 for acetic acid is very small - this means that very little dissociation actually takes place, and there is
much more acetic acid in solution at equilibrium than there is acetate ion. Acetic acid is a relatively weak acid, at least when
compared to sulfuric acid (K, = 10%) or hydrochloric acid (K, = 107), both of which undergo essentially complete dissociation in
water.

A number like 1.75 x 10™° is not very easy either to say or to remember. Chemists have therefore come up with a more convenient
term to express relative acidity: the pKj, value.

pK, = -log K,

Doing the math, we find that the pK; of acetic acid is 4.8. The use of pK, values allows us to express the acidity of common
compounds and functional groups on a numerical scale of about —10 (very strong acid) to 50 (not acidic at all). Table 7 at the end of
the text lists exact or approximate pK, values for different types of protons that you are likely to encounter in your study of organic
and biological chemistry. Looking at Table 7, you see that the pK, of carboxylic acids are in the 4-5 range, the pK, of sulfuric acid
is =10, and the pK, of water is 14. Alkenes and alkanes, which are not acidic at all, have pK, values above 30. The lower the pK,
value, the stronger the acid.

It is important to realize that pK, is not at all the same thing as pH: the former is an inherent property of a compound or functional
group, while the latter is the measure of the hydronium ion concentration in a particular aqueous solution:

pH = -log [H307]

Any particular acid will always have the same pK, (assuming that we are talking about an aqueous solution at room temperature)
but different aqueous solutions of the acid could have different pH values, depending on how much acid is added to how much
water.

Our table of pK, values will also allow us to compare the strengths of different bases by comparing the pK_,values of their
conjugate acids. The key idea to remember is this: the stronger the conjugate acid, the weaker the conjugate base. Sulfuric acid is
the strongest acid on our list with a pK, value of —10, so HSO," is the weakest conjugate base. You can see that hydroxide ion is a
stronger base than ammonia (NH;), because ammonium (NH,*, pK, = 9.2) is a stronger acid than water (pK, = 14.0).

While Table 7 provides the pK, values of only a limited number of compounds, it can be very useful as a starting point for
estimating the acidity or basicity of just about any organic molecule. Here is where your familiarity with organic functional groups
will come in very handy. What, for example, is the pK,of cyclohexanol? It is not on the table, but as it is an alcohol it is probably
somewhere near that of ethanol (pK, = 16). Likewise, we can use Table 7 to predict that para-hydroxyphenyl acetaldehyde, an
intermediate compound in the biosynthesis of morphine, has a pK; in the neighborhood of 10, close to that of our reference
compound, phenol.

HO

H

p=hydroxyphenyl acetaldehyde

Notice in this example that we need to evaluate the potential acidity at four different locations on the molecule.
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not on table
(not acidic)

PKa~ 10 X.
N

H
not on table
HO (not acidic)
0] /
H
H H
pK, ~ 19

Aldehyde and aromatic protons are not at all acidic (pK,values are above 40 — not on our table). The two protons on the carbon
next to the carbonyl are slightly acidic, with pK, values around 19-20 according to the table. The most acidic proton is on the
phenol group, so if the compound were to be subjected to a single molar equivalent of strong base, this is the proton that would be
donated.

As you continue your study of organic chemistry, it will be a very good idea to commit to memory the approximate pK, ranges of
some important functional groups, including water, alcohols, phenols, ammonium, thiols, phosphates, carboxylic acids and carbons
next to carbonyl groups (so-called a-carbons). These are the groups that you are most likely to see acting as acids or bases in
biological organic reactions.

A word of caution: when using the pi<, table, be absolutely sure that you are considering the correct conjugate acid/base pair. If you
are asked to say something about the basicity of ammonia (NH3) compared to that of ethoxide ion (CH3CH,0"), for example, the
relevant pK, values to consider are 9.2 (the pK, of ammonium ion) and 16 (the pK; of ethanol). From these numbers, you know
that ethoxide is the stronger base. Do not make the mistake of using the pK, value of 38: this is the pK, of ammonia acting as an
acid, and tells you how basic the NH,™ ion is (very basic!)

o} @ _H
[ Q
HO—S—OH ° c ®
3 H—Cl 11,0 R"R R—OH,
sulfuric acid hydrochloric acid hydronium protonated ketone protonated alcohol
pK, -10,2.0 pK, -7 pK, 0.00 PK,~-7 pK,~ -3
0 0 Q NH, 0
RO—P—OH RO—P—OH HO—P—OH c
! ' ' R™ O OH
OH OR OH
phosphate monoester () phosphate diester (1) phosphoric acid aniline carboxylic acid
PK,~ 1,65 K, ~ 15 PK,=22,72,12.3 PK, = 4.6 PK, ~4-5
®_H OH
XN” o}
L) ¢
@
F HO™~“OH N=C—H NH,
pyridinium carbonic acid hydrogen cyanide ammonium phenol
pK,5.3 pK, 6.4,10.3 pK,9.2 pK,9.2 pK, 9.9
0 1
R—SH H20 R” " "NH, R—OH R” "CRyH
thiol water amide alcohol a-proton
pK, ~10-11 pK, 14.0 pK,~ 17 pK,~ 16-18 pK, ~18-20
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R—C=C—H

terminal alkyne
pK,~25

Example

R ~c=c~ H
R” “R NH3
terminal alkene ammonia
pK, ~35 pK,~ 35

Exercise 7.2: Using the pK, table, estimate pK, values for the most acidic group on the compounds below, and draw the structure of the
conjugate base that results when this group donates a proton.

a H
) o
o
®
NH5
b) o
NH,
OH

Solution

c)
OH
(@)
d)
NH,
@ OH
H3N
O

e)

N
“CHy

N
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2.4: Predicting the Outcome of Acid—Base Reactions

Using pK, values to predict reaction equilibria

By definition, the pK, value tells us the extent to which an acid will react with water as the base, but by extension, we can also
calculate the equilibrium constant for a reaction between any acid-base pair. Mathematically, it can be shown that:

Kq (for the acid base reaction in question) = 104PKa
where ApK, = pK, of product acid minus pK, of reactant acid

Consider a reaction between methylamine and acetic acid:

o H
I N % | o
ek HM oy Coo NSy
Hsc” O H K, -2 HC o H e

pK,=4.8 pK,=10.6
(stronger acid)

First, we need to identify the acid species on either side of the equation. On the left side, the acid is of course acetic acid, while on
the right side the acid is methyl ammonium. The specific pK, values for these acids are not on our very generalized pK, table, but
are given in the figure above. Without performing any calculations, you should be able to see that this equilibrium lies far to the
right-hand side: acetic acid has a lower pK_, is a stronger acid, and thus it wants to give up its proton more than methyl ammonium
does. Doing the math, we see that

Keq = 10%PK2 = 10(106-48) = 1058 = 63 x 10°

So Keq is a very large number (much greater than 1) and the equilibrium lies far to the right-hand side of the equation, just as we
had predicted. If you had just wanted to approximate an answer without bothering to look for a calculator, you could have noted
that the difference in pK, values is approximately 6, so the equilibrium constant should be somewhere in the order of 10°, or one
million. Using the pKj table in this way, and making functional group-based pK, approximations for molecules for which we don’t
have exact values, we can easily estimate the extent to which a given acid-base reaction will proceed.

Exercise 2.4.1

Show the products of the following acid-base reactions, and estimate the value of Keq. Use the pKa table from Section
2.3 and/or from the Reference Tables.

D e’ ST e OH

b) HC_ O PN
g N
+ 3
o]

OH o°
00—
H H R

4 \/l;\/ * oM

Answer
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Kog ~ 1077
@ i )
a) Cys st Ser\(\o"' cys“(\SH + Ser\(\O
pK, ~17 pK, ~ 10
H,C._ _OH Na’
b) HiC O° O Kg~l0t T8 i i
Y + g /L
o HyC~ “CHy o H,C” “CHy
PK, ~ 20 pKa =3
@
Na
OH 0°Na” 0° OH
= B
pK, ~ 10 pK, ~ 18
H H cre Ko ~ 1000 H
) N~ + NaOH ~_N._~ + HO +NaCl
pK,; ~ 11 pK, = 14.0
Add texts here. Do not delete this text first.
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Exercise 7.3 Show the products of the following acid-base reactions, and estimate the value of K. Use the pKa table from Section 2.8

and/or from the Reference Tables.

a)  enz Se + enziq\OH -
H5C Oe
b) s \n/ 1P /\ NH3 —_—
(©]
(e}
OH Oe
’ @ + @
H\ /H o
d) N it OH E=——
\/®\/
Solution
a) enz S: * enzif\OH = enzL’L{\SH * enzif\o :
pK, ~ 17 pK, ~ 10
HCo O o~ Keq=10°  HiC.__OH
b) \l.( 5 + gH3 _— \[‘( + N NH,
o] 0.
o pK, ~ 10 pK, ~ 5
:OH : O(? HoH :OH
Keq ~ 108
c) + —_— +
pKy ~ 10 pK, ~ 18
H H K., ~5 x 105 H .
d ¥4 + SN _ | + H,O:
) \/gv OH ~_ N 2
pKy ~ 10 pK, ~ 15.7
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2.5: Factors That Determine Acid Strength

Periodic trends

First, we will focus on individual atoms, and think about trends associated with the position of an element on the periodic table.
We’ll use as our first models the simple organic compounds ethane, methylamine, and ethanol, but the concepts apply equally to
more complex biomolecules, such as the side chains of alanine, lysine, and serine.

stromger bae

A i o
H—C—C:= H C rlwe H C (|3 D@
b H H H
T T v
H—C—C—H H—[IZ—N—H H—¢—C—0—H
H H H H H H
pK, > 45 pK, ~35 pKa=17

stronger ackl

We can see a clear trend in acidity as we move from left to right along the second row of the periodic table from carbon to nitrogen
to oxygen. The key to understanding this trend is to consider the hypothetical conjugate base in each case: the more stable (weaker)
the conjugate base, the stronger the acid. Look at where the negative charge ends up in each conjugate base. In the ethyl anion, the
negative charge is borne by carbon, while in the methylamine anion and ethoxide anion the charges are located on a nitrogen and an
oxygen, respectively. Remember the periodic trend in electronegativity: it also increases as we move from left to right along a row,
meaning that oxygen is the most electronegative of the three, and carbon the least. The more electronegative an atom, the better it
is able to bear a negative charge. Thus, the ethoxide anion is the most stable (lowest energy, least basic) of the three conjugate
bases, and the ethyl anion is the least stable (highest energy, most basic).

We can use the same set of ideas to explain the difference in basicity between water and ammonia.

—_—

pKy=-17 HO* =—= H,0 + H*

PK,=9.26 NH," ==——= NH; + H*

By looking at the pK,values for the appropriate conjugate acids, we know that ammonia is more basic than water. Oxygen, as the
more electronegative element, holds more tightly to its lone pair than the nitrogen. The nitrogen lone pair, therefore, is more likely
to break away and form a new bond to a proton - it is, in other words, more basic. Once again, a more reactive (stronger) conjugate
base means a less reactive (weaker) conjugate acid.

When moving vertically within a given column of the periodic table, we again observe a clear periodic trend in acidity. This is best
illustrated with the halides: basicity, like electronegativity, increases as we move up the column.

pE,of acid conjugare acid con jug are base
32 H—F ——F¢ ctvomger Bere

7 H ¢ -—clf

stranger acid

Conversely, acidity in the haloacids increases as we move down the column.

In order to make sense of this trend, we will once again consider the stability of the conjugate bases. Because fluorine is the most
electronegative halogen element, we might expect fluoride to also be the least basic halogen ion. But in fact, it is the least stable,
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and the most basic! It turns out that when moving vertically in the periodic table, the size of the atom trumps its electronegativity
with regard to basicity. The atomic radius of iodine is approximately twice that of fluorine, so in an iodine ion, the negative charge
is spread out over a significantly larger volume:

regarive chaege qoread out
over largsr valums

\

This illustrates a fundamental concept in organic chemistry that is important enough to put in red:

Electrostatic charges, whether positive or negative, are more stable when they are ‘spread out’ than when they
are confined to one atom.

We will see this idea expressed again and again throughout our study of organic reactivity, in many different contexts. For now, the
concept is applied only to the influence of atomic radius on anion stability. Because fluoride is the least stable (most basic) of the
halide conjugate bases, HF is the least acidic of the haloacids, only slightly stronger than acetic acid. HI, with a pK, of about -9, is
one the strongest acids known.

More importantly to the study of biological organic chemistry, this trend tells us that thiols are more acidic than alcohols. The pK,
of the thiol group on the cysteine side chain, for example, is approximately 8.3, while the pK, for the hydroxyl on the serine side
chain is on the order of 17.

To reiterate: acid strength increases as we move to the right along a row of the periodic table, and as we move down a column.

HiC—H H;N—H HO—H F—H

h
>

Cl—H
increasing acid strength
Br—H
—H
Example 7.6
Draw the structure of the conjugate base that would form if the compound below were to react with 1 molar equivalent of sodium
hydroxide:
OH O OH O ©
OH
Qoo™
OH
OH /N\
Solution

The Resonance Effect

In the previous section we focused our attention on periodic trends - the differences in acidity and basicity between groups where
the exchangeable proton was bound to different elements. Now, it is time to think about how the structure of different organic
groups contributes to their relative acidity or basicity, even when we are talking about the same element acting as the proton
donor/acceptor. The first model pair we will consider is ethanol and acetic acid, but the conclusions we reach will be equally valid
for all alcohol and carboxylic acid groups.

Despite the fact that they are both oxygen acids, the pK, values of ethanol and acetic acid are very different. What makes a
carboxylic acid so much more acidic than an alcohol? As before, we begin by considering the conjugate bases.
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weaker base stronger base
delocalized chege 4
)
(,:'O: CO' ﬂ | o
(l:ﬂ —_ L, chftllfox::- locaiized cherge
S Y fia
HL™ g Ha G 0 H O
0 HoH
,é - H-C —[IZ —0H
HsC OH HOH
pK, =438 K, =17
stronger acid weaker acid

In both species, the negative charge on the conjugate base is held by an oxygen, so periodic trends cannot be invoked. For acetic
acid, however, there is a key difference: a resonance contributor can be drawn in which the negative charge is localized on the
second oxygen of the group. The two resonance forms for the conjugate base are equal in energy, according to our ‘rules of
resonance’. What this means, you may recall, is that the negative charge on the acetate ion is not located on one oxygen or the
other: rather it is shared between the two. Chemists use the term ‘delocalization of charge’ to describe this situation. In the ethoxide
ion, by contrast, the negative charge is ‘locked’ on the single oxygen — it has nowhere else to go.

Now is the time to think back to that statement from the previous section that was so important that it got printed in bold font in its
own paragraph — in fact, it is so important that we’ll just say it again: "Electrostatic charges, whether positive or negative, are more
stable when they are ‘spread out’ than when they are confined to one atom." Now, we are seeing this concept in another context,
where a charge is being ‘spread out’ (in other words, delocalized) by resonance, rather than simply by the size of the atom
involved.

The delocalization of charge by resonance has a very powerful effect on the reactivity of organic molecules, enough to account for
the difference of over 12 pK, units between ethanol and acetic acid (and remember, pK, is a log expression, so we are talking about
a difference of over 1012 between the acidity constants for the two molecules). The acetate ion is that much more stable than the
ethoxide ion, all due to the effects of resonance delocalization.

The resonance effect also nicely explains why a nitrogen atom is basic when it is in an amine, but not basic when it is part of an
amide group. Recall that in an amide, there is significant double-bond character to the carbon-nitrogen bond, due to a second
resonance contributor in which the nitrogen lone pair is part of a p bond.

amide i
am me
besi e

not bazic pair is stabilized by bemic

n ﬂ

LS hac (vil:'_N@ , -
HC CTN K 3 HyC—N—H

H H H

H

| &
HaC—N—H

H
K= 106

While the electron lone pair of an amine nitrogen is ‘stuck’ in one place, the lone pair on an amide nitrogen is delocalized by
resonance. Notice that in this case, we are extending our central statement to say that electron density — in the form of a lone pair —
is stabilized by resonance delocalization, even though there is not a negative charge involved. Here’s another way to think about it:
the lone pair on an amide nitrogen is not available for bonding with a proton — these two electrons are too ‘comfortable’ being part
of the delocalized pi-bonding system. The lone pair on an amine nitrogen, by contrast, is not part of a delocalized p system, and is
very ready to form a bond with any acidic proton that might be nearby.

Often it requires some careful thought to predict the most acidic proton on a molecule. Ascorbic acid, also known as Vitamin C, has
apK, of 4.1.
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0

HO J\

~ o
H o/_\--*"\
!/ TOH
HO

ascorbic acid
(Vitamin C)

There are four hydroxyl groups on this molecule — which one is the most acidic? If we consider all four possible conjugate bases,
we find that there is only one for which we can delocalized the negative charge over two oxygen atoms.

Example 7.7
Rank the compounds below from most acidic to least acidic, and explain your reasoning.
O @) @)
M N )WG) )I\/\/\
H NH; H NH; H NH,
A B C

Solution

The inductive effect

Compare the pK, values of acetic acid and its mono-, di-, and tri-chlorinated derivatives:

19 o9 g9 g

H—C—C-OH  H—C—C-OH CI—C—C—OH CI—C—C—OH
H H H ¢l

pK, =48 pE, =28 pK.=13 pE, = 0.64

The presence of the chlorines clearly increases the acidity of the carboxylic acid group, but the argument here does not have to do
with resonance delocalization, because no additional resonance contributors can be drawn for the chlorinated molecules. Rather, the
explanation for this phenomenon involves something called the inductive effect. A chlorine atom is more electronegative than a
hydrogen, and thus is able to ‘induce’, or ‘pull’ electron density towards itself, away from the carboxylate group. In effect, the
chlorine atoms are helping to further spread out the electron density of the conjugate base, which as we know has a stabilizing
effect. In this context, the chlorine substituent is called an electron-withdrawing group. Notice that the pK,-lowering effect of
each chlorine atom, while significant, is not as dramatic as the delocalizing resonance effect illustrated by the difference in pK,
values between an alcohol and a carboxylic acid. In general, resonance effects are more powerful than inductive effects.

The inductive electron-withdrawing effect of the chlorines takes place through covalent bonds, and its influence decreases
markedly with distance — thus a chlorine two carbons away from a carboxylic acid group has a decreased effect compared to a
chlorine just one carbon away.

Example

Rank the compounds below from most acidic to least acidic, and explain your reasoning.
0. .OH OH

0, _.OH
g Oy . E
T’Cl T I/Br
.Br PR

e e,

()5 L

™ ™ g

B C

Solution
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2.6: Common Acids and Bases

Acidity of Carboxylic Acids

The pK; 's of some typical carboxylic acids are listed in the following table. When we compare these values with those of
comparable alcohols, such as ethanol (pK,; = 16) and 2-methyl-2-propanol (pK, = 19), it is clear that carboxylic acids are stronger
acids by over ten powers of ten! Furthermore, electronegative substituents near the carboxyl group act to increase the acidity.

Compound pKa Compound pKa
HCOH 3.75 CH;3;CH,CH,CO,H 4.82
CH;CO,H 4.74 CICH,CH,CH,CO,H 4.53
FCH,COH 2.65 CH3CHCICH,COH 4.05
CICH,CO,H 2.85 CH3CH,CHCICOH 2.89
BrCH,CO,H 2.90 CgHsCOH 4.20
ICH,COH 3.10 p-O2NCgH4COH 3.45
Cl3CCOH 0.77 p-CH30CgH4COH 4.45

Contributors
o William Reusch, Professor Emeritus (Michigan State U.), Virtual Textbook of Organic Chemistry
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2.7: Aspirin

Prostaglandins were first discovered and isolated from human semen in the 1930s by Ulf von Euler of Sweden. Thinking they had
come from the prostate gland, he named them prostaglandins. It has since been determined that they exist and are synthesized in
virtually every cell of the body. Prostaglandins, are like hormones in that they act as chemical messengers, but do not move to other
sites, but work right within the cells where they are synthesized.

Introduction

Prostaglandins are unsaturated carboxylic acids, consisting of of a 20 carbon skeleton that also contains a five member ring. They
are biochemically synthesized from the fatty acid, arachidonic acid. See the graphic on the left. The unique shape of the
arachidonic acid caused by a series of cis double bonds helps to put it into position to make the five member ring.

O

0O OH

HO OH
Structure of prostaglandin E2 (PGE>)

Prostaglandin Structure

Prostaglandins are unsaturated carboxylic acids, consisting of of a 20 carbon skeleton that also contains a five member ring and are
based upon the fatty acid, arachidonic acid. There are a variety of structures one, two, or three double bonds. On the five member
ring there may also be double bonds, a ketone, or alcohol groups. A typical structure is on the left graphic.

Functions of Prostaglandins
There are a variety of physiological effects including;:

1. Activation of the inflammatory response, production of pain, and fever. When tissues are damaged, white blood cells flood to
the site to try to minimize tissue destruction. Prostaglandins are produced as a result.

2. Blood clots form when a blood vessel is damaged. A type of prostaglandin called thromboxane stimulates constriction and
clotting of platelets. Conversely, PGI2, is produced to have the opposite effect on the walls of blood vessels where clots should
not be forming.

3. Certain prostaglandins are involved with the induction of labor and other reproductive processes. PGE2 causes uterine
contractions and has been used to induce labor.

4. Prostaglandins are involved in several other organs such as the gastrointestinal tract (inhibit acid synthesis and increase
secretion of protective mucus), increase blood flow in kidneys, and leukotriens promote constriction of bronchi associated with
asthma.
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Ball-and-stick model of the aspirin molecule, as found in the solid state. Single-crystal X-ray diffraction data from Kim, Y.;
Machida, K.; Taga, T.; Osaki, K. (1985). "Structure Redetermination and Packing Analysis of Aspirin Crystal". Chem. Pharm. Bull.
33 (7): 2641-2647. ISSN 1347-5223.

Effects of Aspirin and other Pain Killers

When you see that prostaglandins induce inflammation, pain, and fever, what comes to mind but aspirin. Aspirin blocks an enzyme
called cyclooxygenase, COX-1 and COX-2, which is involved with the ring closure and addition of oxygen to arachidonic acid
converting to prostaglandins. The acetyl group on aspirin is hydrolzed and then bonded to the alcohol group of serine as an ester.
This has the effect of blocking the channel in the enzyme and arachidonic can not enter the active site of the enzyme. By inhibiting
or blocking this enzyme, the synthesis of prostaglandins is blocked, which in turn relives some of the effects of pain and fever.
Aspirin is also thought to inhibit the prostaglandin synthesis involved with unwanted blood clotting in coronary heart disease. At
the same time an injury while taking aspirin may cause more extensive bleeding.

Contributors

Charles Ophardt (Professor Emeritus, Elmhurst College); Virtual Chembook

2.7: Aspirin is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by LibreTexts.

https://chem.libretexts.org/@go/page/30263


https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/30263?pdf
https://en.wikipedia.org/wiki/International_Standard_Serial_Number
http://chemistry.elmhurst.edu/vchembook/index.html
https://chem.libretexts.org/Bookshelves/Organic_Chemistry/Map%3A_Organic_Chemistry_(Smith)/02%3A_Acids_and_Bases/2.07%3A_Aspirin
https://creativecommons.org/licenses/by-nc-sa/4.0

LibreTextsw

2.8: Lewis Acids and Bases

According to the Lewis theory, an acid is an electron pair acceptor, and a base is an electron pair donor. Lewis bases are also
Brensted bases; however, many Lewis acids, such as BF3, AlCl3 and Mg2+, are not Brgnsted acids. The product of a Lewis acid-
base reaction, is a neutral, dipolar or charged complex, which may be a stable covalent molecule. As shown at the top of the
following drawing, coordinate covalent bonding of a phosphorous Lewis base to a boron Lewis acid creates a complex in which the
formal charge of boron is negative and that of phosphorous is positive. In this complex, boron acquires a neon valence shell
configuration and phosphorous an argon configuration. If the substituents (R) on these atoms are not large, the complex will be
favored at equilibrium. However, steric hindrance of bulky substituents may prohibit complex formation. The resulting mixture of
non-bonded Lewis acid/base pairs has been termed "frustrated”, and exhibits unusual chemical behavior.

Two examples of Lewis acid-base equilibria that play a role in chemical reactions are shown in equations 1 & 2 below.

o, ./
4 3 Complex Formation
®_B® ® @;@ ® Coordinate Covalent Bonding

Lewis
acid Lewis
Base
CH CH Cl cl
‘ 3 3 =y /CH3 Ve
1 CHp=C—Cl + AICls — CH3=C—Cl-Al=Cl === CHz—C®  + Cl—Al=Cl
CHz CHz Cl CHz cl
Lewis Lewis Lewis Lewis
Base Acid Complex Acid Basze
B
HaC, HsC, i L, HaC g Br =)
2 (O + EBrz —= ’O—?—Br _— /O—B‘ + Br
HaC HsC Br HaC Br
Lewis  Lewis Lewis Lewis
] [ |
Base Acid ompie Acid Base

In the first example, an electron deficient aluminum atom bonds to a covalent chlorine atom by sharing one of its non-bonding
valence electron pairs, and thus achieves an argon-like valence shell octet. Because this sharing is unilateral (chlorine contributes
both electrons), both the aluminum and the chlorine have formal charges, as shown. If the carbon chlorine bond in this complex
breaks with both the bonding electrons remaining with the more electronegative atom (chlorine), the carbon assumes a positive
charge. We refer to such carbon species as carbocations. Carbocations are also Lewis acids, as the reverse reaction demonstrates.

Many carbocations (but not all) may also function as Brgnsted acids. Equation 3 illustrates this dual behavior; the Lewis acidic site
is colored red and three of the nine acidic hydrogen atoms are colored orange. In its Brgnsted acid role the carbocation donates a
proton to the base (hydroxide anion), and is converted to a stable neutral molecule having a carbon-carbon double bond.

LHz
T cHp €+ HOH
FHz - CH3
3 CHeC® 4 OH
oy CH3
Bronsted Acid ~ Base — — CHg-t—OH
Lewis acid  Hucleaphile g

The interaction between a magnesium cation (Mg*?) and a carbonyl oxygen is a common example of a Lewis acid-base reaction.
The carbonyl oxygen (the Lewis base) donates a pair of electrons to the magnesium cation (the Lewis acid).

Mg
)
s e
,"C"-\ .f"l:"\
R R R R

As we will see we begin the study of reactions involving carbonyl groups, this interaction has the very important effect of
increasing the polarity of the carbon-oxygen double bond.

The Brgnsted-Lowry equivalent of the reaction above is simply protonation of the carbonyl group. This, too, has the effect of
increasing the polarity of the carbonyl double bond.
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While it is important to be familiar with the Lewis definition, the focus throughout the remainder of this chapter will be on acid-
base reactions of the Brgnsted-Lowry type, where an actual proton transfer event takes place.
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3.1: Functional Groups

Functional groups are atoms or small groups of atoms (two to four) that exhibit a characteristic reactivity when treated with
certain reagents. A particular functional group will almost always display its characteristic chemical behavior when it is present in a
compound. Because of their importance in understanding organic chemistry, functional groups have characteristic names that often
carry over in the naming of individual compounds incorporating specific groups. In the following table the atoms of each functional

group are colored red and the characteristic [IUPAC nomenclature suffix that denotes some (but not all) functional groups is also
colored.

Organic Chemistry With a Biological Emphasis by Tim Soderberg (University of Minnesota, Morris)

3.1: Functional Groups is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by LibreTexts.

https://chem.libretexts.org/@go/page/30316


https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/30316?pdf
https://chem.libretexts.org/Bookshelves/Organic_Chemistry/Map%3A_Organic_Chemistry_(Smith)/03%3A_Introduction_to_Organic_Molecules_and_Functional_Groups/3.01%3A_Functional_Groups
https://chem.libretexts.org/Under_Construction/Purgatory/Book%3A_Organic_Chemistry_with_a_Biological_Emphasis_(Soderberg)
https://sites.google.com/morris.umn.edu/timsoderberg/home
https://chem.libretexts.org/Bookshelves/Organic_Chemistry/Map%3A_Organic_Chemistry_(Smith)/03%3A_Introduction_to_Organic_Molecules_and_Functional_Groups/3.01%3A_Functional_Groups
https://creativecommons.org/licenses/by-nc-sa/4.0

LibreTextsm

3.2: An Overview of Functional Groups

Functional groups

Functional Group Tables

Exclusively Carbon Functional Groups

Group Formula Class Name Specific Example IUPAC Name Common Name
Alkene H,C=CH, Ethene Ethylene
\C:C
FARNEA
e Alkyne HC=CH Ethyne Acetylene
Arene CgHg Benzene Benzene

Functional Groups with Single Bonds to Heteroatoms

Group Formula Class Name Specific Example IUPAC Name Common Name
B Halide H3C-I Iodomethane Methyl iodide
C—i
C—OH Alcohol CH3CH,0H Ethanol Ethyl alcohol
c—0—C
Ether CH3CH,0OCH,CHj3; Diethyl ether Ether
Amine H3C-NH, Aminomethane Methylamine
o= Nfi
A
jor
ot Nitro Compound H3C-NO, Nitromethane
:\Q: -
C—5H
B Thiol H;C-SH Methanethiol Methyl mercaptan
c—i—C
Sulfide H3C-S-CHj Dimethyl sulfid

Functional Groups with Multiple Bonds to Heteroatoms

Group Formula Class Name Specific Example IUPAC Name Common Name
Nitrile H3C-CN Ethanenitrile Acetonitrile
Aldehyde H3CCHO Ethanal Acetaldehyde
Ketone H3CCOCH;3; Propanone Acetone
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C—C=HM:
o Cf;o Carboxylic Acid H;CCO,H Ethanoic Acid Acetic acid
\H
:ﬁ:
C—C—C
o Ester H3;CCO,CH,CH3 Ethyl ethanoate Ethyl acetate
7({; )
\
‘OH
7
C—C.\O . Acid Halide H3CCOCI Ethanoyl chloride Acetyl chloride
i
Bt
X
jor
o c// Amide H3CCON(CH3), N,N-Dimethylethanamide =~ N,N-Dimethylacetamide
\1‘|1/
C—C
Be
~
c—C
%5
' Acid Anhydride (H3CCO),0 Ethanoic anhydride Acetic anhydride
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3.3: Intermolecular Forces

Introduction

Introduction

Note

The properties of liquids are intermediate between those of gases and solids but are more similar to solids.

Introduction

Introduction

Introduction

Dipole—Dipole Interactions

Polar covalent bonds behave as if the bonded atoms have localized fractional charges that are equal but opposite (i.e., the two
bonded atoms generate a dipole). If the structure of a molecule is such that the individual bond dipoles do not cancel one another,
then the molecule has a net dipole moment. Molecules with net dipole moments tend to align themselves so that the positive end of
one dipole is near the negative end of another and vice versa, as shown in part (a) in Figure 11.3. These arrangements are more
stable than arrangements in which two positive or two negative ends are adjacent (part (c) in Figure 11.3). Hence dipole—dipole
interactions, such as those in part (b) in Figure 11.3, are attractive intermolecular interactions, whereas those in part (d) in Figure
11.3 are repulsive intermolecular interactions. Because molecules in a liquid move freely and continuously, molecules always
experience both attractive and repulsive dipole—dipole interactions simultaneously, as shown in Figure 11.4. On average, however,

the attractive interactions dominate.

(a) Attraction (b) Attraction

&
o 9®

(c) Repulsion (d) Repulsion

Figure 11.3 Attractive and Repulsive Dipole—Dipole Interactions

(a and b) Molecular orientations in which the positive end of one dipole (6%) is near the negative end of another (67) (and vice
versa) produce attractive interactions. (c and d) Molecular orientations that juxtapose the positive or negative ends of the dipoles on
adjacent molecules produce repulsive interactions.
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Attraction —»<¢—
Repulsion «——»

Figure 11.4 Both Attractive and Repulsive Dipole-Dipole Interactions Occur in a Liquid Sample with Many Molecules

Because each end of a dipole possesses only a fraction of the charge of an electron, dipole—dipole interactions are substantially
weaker than the interactions between two ions, each of which has a charge of at least +1, or between a dipole and an ion, in which
one of the species has at least a full positive or negative charge. In addition, the attractive interaction between dipoles falls off
much more rapidly with increasing distance than do the ion—ion interactions. Recall that the attractive energy between two ions is
proportional to 1/r, where r is the distance between the ions. Doubling the distance (r — 2r) decreases the attractive energy by one-
half. In contrast, the energy of the interaction of two dipoles is proportional to 1/r®, so doubling the distance between the dipoles
decreases the strength of the interaction by 2°, or 64-fold. Thus a substance such as HCI, which is partially held together by dipole—
dipole interactions, is a gas at room temperature and 1 atm pressure, whereas NaCl, which is held together by interionic
interactions, is a high-melting-point solid. Within a series of compounds of similar molar mass, the strength of the intermolecular
interactions increases as the dipole moment of the molecules increases, as shown in Table 11.2. Using what we learned about
predicting relative bond polarities from the electronegativities of the bonded atoms, we can make educated guesses about the
relative boiling points of similar molecules.

Table 11.2 Relationships between the Dipole Moment and the Boiling Point for Organic Compounds of Similar Molar Mass

Compound Molar Mass (g/mol) Dipole Moment (D) Boiling Point (K)
C3Hg (cyclopropane) 42 0 240

CH30CH;3; (dimethyl ether) 46 1.30 248

CH3CN (acetonitrile) 41 3.9 355

Note

The attractive energy between two ions is proportional to 1/r, whereas the attractive energy between two dipoles is proportional to 1/r®.

Example 1
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Arrange ethyl methyl ether (CH30OCH,CHj3), 2-methylpropane [isobutane, (CH3),CHCHj3], and acetone (CH3COCH3) in order of
increasing boiling points. Their structures are as follows:

JJ )
2-Methylpropane Ethyl methyl ether Acetone

Given: compounds

Asked for: order of increasing boiling points

Strategy:

Compare the molar masses and the polarities of the compounds. Compounds with higher molar masses and that are polar will have the

highest boiling points.

Solution:

The three compounds have essentially the same molar mass (58-60 g/mol), so we must look at differences in polarity to predict the

strength of the intermolecular dipole—dipole interactions and thus the boiling points of the compounds. The first compound, 2-

methylpropane, contains only C—H bonds, which are not very polar because C and H have similar electronegativities. It should therefore

have a very small (but nonzero) dipole moment and a very low boiling point. Ethyl methyl ether has a structure similar to H,O; it

contains two polar C-O single bonds oriented at about a 109° angle to each other, in addition to relatively nonpolar C-H bonds. As a

result, the C—O bond dipoles partially reinforce one another and generate a significant dipole moment that should give a moderately

high boiling point. Acetone contains a polar C=0 double bond oriented at about 120° to two methyl groups with nonpolar C—H bonds.

The C-O bond dipole therefore corresponds to the molecular dipole, which should result in both a rather large dipole moment and a

high boiling point. Thus we predict the following order of boiling points: 2-methylpropane < ethyl methyl ether < acetone. This result is

in good agreement with the actual data: 2-methylpropane, boiling point = —11.7°C, and the dipole moment () = 0.13 D; methyl ethyl

ether, boiling point = 7.4°C and p = 1.17 D; acetone, boiling point = 56.1°C and p = 2.88 D.

Exercise 1

Arrange carbon tetrafluoride (CF,4), ethyl methyl sulfide (CH3SC,Hs), dimethyl sulfoxide [(CH3);S=0], and 2-methylbutane
[isopentane, (CH3),CHCH,CHz3] in order of decreasing boiling points.

Answer: dimethyl sulfoxide (boiling point = 189.9°C) > ethyl methyl sulfide (boiling point = 67°C) > 2-methylbutane (boiling point =
27.8°C) > carbon tetrafluoride (boiling point = —=128°C)

London Dispersion Forces

Thus far we have considered only interactions between polar molecules, but other factors must be considered to explain why many
nonpolar molecules, such as bromine, benzene, and hexane, are liquids at room temperature, and others, such as iodine and
naphthalene, are solids. Even the noble gases can be liquefied or solidified at low temperatures, high pressures, or both (Table
11.3).

What kind of attractive forces can exist between nonpolar molecules or atoms? This question was answered by Fritz London
(1900-1954), a German physicist who later worked in the United States. In 1930, London proposed that temporary fluctuations in
the electron distributions within atoms and nonpolar molecules could result in the formation of short-lived instantaneous dipole
moments, which produce attractive forces called London dispersion forces between otherwise nonpolar substances.

Table 11.3 Normal Melting and Boiling Points of Some Elements and Nonpolar Compounds

Substance Molar Mass (g/mol) Melting Point (°C) Boiling Point (°C)
Ar 40 -189.4 -185.9
Xe 131 -111.8 -108.1
N, 28 -210 -195.8
0, 32 -218.8 -183.0
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Substance Molar Mass (g/mol) Melting Point (°C) Boiling Point (°C)
F, 38 -219.7 -188.1

I, 254 113.7 184.4

CH, 16 -182.5 -161.5

Consider a pair of adjacent He atoms, for example. On average, the two electrons in each He atom are uniformly distributed around
the nucleus. Because the electrons are in constant motion, however, their distribution in one atom is likely to be asymmetrical at
any given instant, resulting in an instantaneous dipole moment. As shown in part (a) in Figure 11.5, the instantaneous dipole
moment on one atom can interact with the electrons in an adjacent atom, pulling them toward the positive end of the instantaneous
dipole or repelling them from the negative end. The net effect is that the first atom causes the temporary formation of a dipole,
called an induced dipole, in the second. Interactions between these temporary dipoles cause atoms to be attracted to one another.
These attractive interactions are weak and fall off rapidly with increasing distance. London was able to show with quantum
mechanics that the attractive energy between molecules due to temporary dipole—induced dipole interactions falls off as 1/rS.
Doubling the distance therefore decreases the attractive energy by 2%, or 64-fold.

A ) o H—F

. .

He(A)  He(B) H,(A) H,(B)

No polarization No polarization

5 &* & &*

() ) Q* - * e

.

He(A)  He(B) H,(A) H,(B)
Instantaneous Instantaneous dipole
dipole on atom A on molecule A

D0 e

He(A)  He(B) H,(A) H,(B)
Induced dipole Induced dipole on
on atom B molecule B

(a) (b)

Figure 11.5 Instantaneous Dipole Moments. The formation of an instantaneous dipole moment on one He atom (a) or an H,
molecule (b) results in the formation of an induced dipole on an adjacent atom or molecule.

Instantaneous dipole—induced dipole interactions between nonpolar molecules can produce intermolecular attractions just as they
produce interatomic attractions in monatomic substances like Xe. This effect, illustrated for two H, molecules in part (b) in Figure
11.5, tends to become more pronounced as atomic and molecular masses increase (Table 11.3). For example, Xe boils at —108.1°C,
whereas He boils at —269°C. The reason for this trend is that the strength of London dispersion forces is related to the ease with
which the electron distribution in a given atom can be perturbed. In small atoms such as He, the two 1s electrons are held close to
the nucleus in a very small volume, and electron—electron repulsions are strong enough to prevent significant asymmetry in their
distribution. In larger atoms such as Xe, however, the outer electrons are much less strongly attracted to the nucleus because of
filled intervening shells. As a result, it is relatively easy to temporarily deform the electron distribution to generate an instantaneous
or induced dipole. The ease of deformation of the electron distribution in an atom or molecule is called its polarizability. Because
the electron distribution is more easily perturbed in large, heavy species than in small, light species, we say that heavier substances
tend to be much more polarizable than lighter ones.

Note

For similar substances, London dispersion forces get stronger with increasing molecular size.
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The polarizability of a substance also determines how it interacts with ions and species that possess permanent dipoles. Thus
London dispersion forces are responsible for the general trend toward higher boiling points with increased molecular mass and
greater surface area in a homologous series of compounds, such as the alkanes (part (a) in Figure 11.6). The strengths of London
dispersion forces also depend significantly on molecular shape because shape determines how much of one molecule can interact
with its neighboring molecules at any given time. For example, part (b) in Figure 11.6 shows 2,2-dimethylpropane (neopentane)
and n-pentane, both of which have the empirical formula CsHj,. Neopentane is almost spherical, with a small surface area for
intermolecular interactions, whereas n-pentane has an extended conformation that enables it to come into close contact with other
n-pentane molecules. As a result, the boiling point of neopentane (9.5°C) is more than 25°C lower than the boiling point of n-

pentane (36.1 C).
- d .

Methane  Ethane Propane n-Butane
16 g/mol  30g/mol 44 g/mol 58 g/mol
—161.5°C  —88.6°C —42.1°C —0.5°C

(a) Increasing mass and boiling point

)
)

)
)

2,2-Dimethylpropane n-Pentane
(neopentane) 72 g/mol, 36.1°C
72 g/mol, 9.5°C

(b) Increasing surface area and
boiling point
Figure 11.6 Mass and Surface Area Affect the Strength of London Dispersion Forces. (a) In this series of four simple alkanes,
larger molecules have stronger London forces between them than smaller molecules and consequently higher boiling points. (b)
Linear n-pentane molecules have a larger surface area and stronger intermolecular forces than spherical neopentane molecules. As
a result, neopentane is a gas at room temperature, whereas n-pentane is a volatile liquid.

All molecules, whether polar or nonpolar, are attracted to one another by London dispersion forces in addition to any other
attractive forces that may be present. In general, however, dipole-dipole interactions in small polar molecules are significantly
stronger than London dispersion forces, so the former predominate.

Example 2

Arrange n-butane, propane, 2-methylpropane [isobutene, (CH3),CHCHj3], and n-pentane in order of increasing boiling points.

Given: compounds

Asked for: order of increasing boiling points

Strategy:

Determine the intermolecular forces in the compounds and then arrange the compounds according to the strength of those forces. The
substance with the weakest forces will have the lowest boiling point.

Solution:

The four compounds are alkanes and nonpolar, so London dispersion forces are the only important intermolecular forces. These forces
are generally stronger with increasing molecular mass, so propane should have the lowest boiling point and n-pentane should have the
highest, with the two butane isomers falling in between. Of the two butane isomers, 2-methylpropane is more compact, and n-butane
has the more extended shape. Consequently, we expect intermolecular interactions for n-butane to be stronger due to its larger surface
area, resulting in a higher boiling point. The overall order is thus as follows, with actual boiling points in parentheses: propane
(—42.1°C) < 2-methylpropane (-11.7°C) < n-butane (-0.5°C) < n-pentane (36.1°C).

Exercise 2
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Arrange GeHy, SiCly, SiH4, CHy, and GeCly in order of decreasing boiling points.
Answer: GeCly (87°C) > SiCly (57.6°C) > GeHy (—88.5°C) > SiH4 (—111.8°C) > CHy4 (-161°C)

Hydrogen Bonds
Hydrogen Bonds
Hydrogen Bonds

Why do strong intermolecular forces produce such anomalously high boiling points and other unusual properties, such as high
enthalpies of vaporization and high melting points? The answer lies in the highly polar nature of the bonds between hydrogen and
very electronegative elements such as O, N, and F. The large difference in electronegativity results in a large partial positive charge
on hydrogen and a correspondingly large partial negative charge on the O, N, or F atom. Consequently, H-O, H-N, and H-F bonds
have very large bond dipoles that can interact strongly with one another. Because a hydrogen atom is so small, these dipoles can
also approach one another more closely than most other dipoles. The combination of large bond dipoles and short dipole—dipole
distances results in very strong dipole—dipole interactions called hydrogen bonds, as shown for ice in Figure 11.8. A hydrogen bond
is usually indicated by a dotted line between the hydrogen atom attached to O, N, or F (the hydrogen bond donor) and the atom that
has the lone pair of electrons (the hydrogen bond acceptor). Because each water molecule contains two hydrogen atoms and two
lone pairs, a tetrahedral arrangement maximizes the number of hydrogen bonds that can be formed. In the structure of ice, each
oxygen atom is surrounded by a distorted tetrahedron of hydrogen atoms that form bridges to the oxygen atoms of adjacent water
molecules. The bridging hydrogen atoms are not equidistant from the two oxygen atoms they connect, however. Instead, each
hydrogen atom is 101 pm from one oxygen and 174 pm from the other. In contrast, each oxygen atom is bonded to two H atoms at
the shorter distance and two at the longer distance, corresponding to two O—H covalent bonds and two O-:-H hydrogen bonds from
adjacent water molecules, respectively. The resulting open, cagelike structure of ice means that the solid is actually slightly less
dense than the liquid, which explains why ice floats on water rather than sinks.

Hydrogen Bonds
Hydrogen Bonds

Hydrogen Bonds
Hydrogen Bonds
Hydrogen Bonds
Hydrogen Bonds

Exercise 4

Arrange 2,4-dimethylheptane, Ne, CS;, Cly, and KBr in order of decreasing boiling points.
Answer: KBr (1435°C) > 2,4-dimethylheptane (132.9°C) > CS; (46.6°C) > Cl, (—34.6°C) > Ne (-246°C)

Summary

Molecules in liquids are held to other molecules by intermolecular interactions, which are weaker than the intramolecular
interactions that hold the atoms together within molecules and polyatomic ions. Transitions between the solid and liquid or the
liquid and gas phases are due to changes in intermolecular interactions but do not affect intramolecular interactions. The three
major types of intermolecular interactions are dipole—dipole interactions, London dispersion forces (these two are often referred to
collectively as van der Waals forces), and hydrogen bonds. Dipole—dipole interactions arise from the electrostatic interactions of
the positive and negative ends of molecules with permanent dipole moments; their strength is proportional to the magnitude of the
dipole moment and to 1/r%, where r is the distance between dipoles. London dispersion forces are due to the formation of
instantaneous dipole moments in polar or nonpolar molecules as a result of short-lived fluctuations of electron charge
distribution, which in turn cause the temporary formation of an induced dipole in adjacent molecules. Like dipole—dipole
interactions, their energy falls off as 1/r®. Larger atoms tend to be more polarizable than smaller ones because their outer electrons
are less tightly bound and are therefore more easily perturbed. Hydrogen bonds are especially strong dipole—dipole interactions
between molecules that have hydrogen bonded to a highly electronegative atom, such as O, N, or F. The resulting partially
positively charged H atom on one molecule (the hydrogen bond donor) can interact strongly with a lone pair of electrons of a
partially negatively charged O, N, or F atom on adjacent molecules (the hydrogen bond acceptor). Because of strong
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O - - - Hhydrogen bonding between water molecules, water has an unusually high boiling point, and ice has an open, cagelike
structure that is less dense than liquid water.

Hydrogen Bonds

Conceptual Problems

1. What is the main difference between intramolecular interactions and intermolecular interactions? Which is typically stronger?
How are changes of state affected by these different kinds of interactions?

2. Describe the three major kinds of intermolecular interactions discussed in this chapter and their major features. The hydrogen
bond is actually an example of one of the other two types of interaction. Identify the kind of interaction that includes hydrogen
bonds and explain why hydrogen bonds fall into this category.

3. Which are stronger—dipole—dipole interactions or London dispersion forces? Which are likely to be more important in a
molecule with heavy atoms? Explain your answers.

4. Explain why hydrogen bonds are unusually strong compared to other dipole—dipole interactions. How does the strength of
hydrogen bonds compare with the strength of covalent bonds?

5. Liquid water is essential for life as we know it, but based on its molecular mass, water should be a gas under standard
conditions. Why is water a liquid rather than a gas under standard conditions?

6. Describe the effect of polarity, molecular mass, and hydrogen bonding on the melting point and boiling point of a substance.

7. Why are intermolecular interactions more important for liquids and solids than for gases? Under what conditions must these
interactions be considered for gases?

8. Using acetic acid as an example, illustrate both attractive and repulsive intermolecular interactions. How does the boiling point
of a substance depend on the magnitude of the repulsive intermolecular interactions?

9. In group 17, elemental fluorine and chlorine are gases, whereas bromine is a liquid and iodine is a solid. Why?

10. The boiling points of the anhydrous hydrogen halides are as follows: HF, 19°C; HCI, —85°C; HBr, —67°C; and HI, —34°C.
Explain any trends in the data, as well as any deviations from that trend.

11. Identify the most important intermolecular interaction in each of the following.

1. SO,
2. HF

3. CO,

4. cal,

5. CH,Cl,

12. Identify the most important intermolecular interaction in each of the following.

1. LiF
2.
3.1Cl

4. NH;
5. NH,Cl

13. Would you expect London dispersion forces to be more important for Xe or Ne? Why? (The atomic radius of Ne is 38 pm,
whereas that of Xe is 108 pm.)

14. Arrange K, Cly, Hy, N, Ne, and O, in order of increasing polarizability. Explain your reasoning.

15. Both water and methanol have anomalously high boiling points due to hydrogen bonding, but the boiling point of water is
greater than that of methanol despite its lower molecular mass. Why? Draw the structures of these two compounds, including
any lone pairs, and indicate potential hydrogen bonds.

16. The structures of ethanol, ethylene glycol, and glycerin are as follows:
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(|)H H(|) (l)H H(|) (|)H (|)H
Ethanol Ethylene glycol Glycerin

Arrange these compounds in order of increasing boiling point. Explain your rationale.
17. Do you expect the boiling point of H;S to be higher or lower than that of H,O? Justify your answer.

18. Ammonia (NH3), methylamine (CH3NH>), and ethylamine (CH3CH,NH>) are gases at room temperature, while propylamine
(CH3CH,CH,NH)) is a liquid at room temperature. Explain these observations.

19. Why is it not advisable to freeze a sealed glass bottle that is completely filled with water? Use both macroscopic and
microscopic models to explain your answer. Is a similar consideration required for a bottle containing pure ethanol? Why or
why not?

20. Which compound in the following pairs will have the higher boiling point? Explain your reasoning.
1. NH3 or PH3

2. ethylene glycol (HOCH,CH,OH) or ethanol
3. 2,2-dimethylpropanol [CH;C(CHj3),CH,OH] or n-butanol (CH;CH,CH,CH,0H)
21. Some recipes call for vigorous boiling, while others call for gentle simmering. What is the difference in the temperature of the

cooking liquid between boiling and simmering? What is the difference in energy input?

22. Use the melting of a metal such as lead to explain the process of melting in terms of what is happening at the molecular level.
As a piece of lead melts, the temperature of the metal remains constant, even though energy is being added continuously. Why?

23. How does the O—H distance in a hydrogen bond in liquid water compare with the O—H distance in the covalent O-H bond in the
H,0 molecule? What effect does this have on the structure and density of ice?

24. 1. Explain why the hydrogen bonds in liquid HF are stronger than the corresponding intermolecular interactions in
liquid HI.
2. In which substance are the individual hydrogen bonds stronger: HF or H,O? Explain your reasoning.
3. For which substance will hydrogen bonding have the greater effect on the boiling point: HF or H,O? Explain your
reasoning.

Answers

. Water is a liquid under standard conditions because of its unique ability to form four strong hydrogen bonds per molecule.

N S N

9. As the atomic mass of the halogens increases, so does the number of electrons and the average distance of those electrons from
the nucleus. Larger atoms with more electrons are more easily polarized than smaller atoms, and the increase in polarizability
with atomic number increases the strength of London dispersion forces. These intermolecular interactions are strong enough to
favor the condensed states for bromine and iodine under normal conditions of temperature and pressure.

10.

11. 1. The V-shaped SO, molecule has a large dipole moment due to the polar S=O bonds, so dipole—dipole interactions will be
most important.
2. The H-F bond is highly polar, and the fluorine atom has three lone pairs of electrons to act as hydrogen bond acceptors;
hydrogen bonding will be most important.
3. Although the C=0 bonds are polar, this linear molecule has no net dipole moment; hence, London dispersion forces are
most important.
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4. This is a symmetrical molecule that has no net dipole moment, and the Cl atoms are relatively polarizable; thus, London
dispersion forces will dominate.

5. This molecule has a small dipole moment, as well as polarizable Cl atoms. In such a case, dipole—dipole interactions and
London dispersion forces are often comparable in magnitude.

12.
13.
14.

15. Water has two polar O-H bonds with H atoms that can act as hydrogen bond donors, plus two lone pairs of electrons that can
act as hydrogen bond acceptors, giving a net of four hydrogen bonds per HO molecule. Although methanol also has two lone
pairs of electrons on oxygen that can act as hydrogen bond acceptors, it only has one O-H bond with an H atom that can act as a
hydrogen bond donor. Consequently, methanol can only form two hydrogen bonds per molecule on average, versus four for
water. Hydrogen bonding therefore has a much greater effect on the boiling point of water.

16.
17.
18.
19.
20.

21. Vigorous boiling causes more water molecule to escape into the vapor phase, but does not affect the temperature of the liquid.
Vigorous boiling requires a higher energy input than does gentle simmering.

Contributors
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3.4: Physical Properties

The molecule is the smallest observable group of uniquely bonded atoms that represent the composition, configuration and
characteristics of a pure compound. Our chief focus up to this point has been to discover and describe the ways in which atoms
bond together to form molecules. Since all observable samples of compounds and mixtures contain a very large number of
molecules (ca.!0??), we must also concern ourselves with interactions between molecules, as well as with their individual
structures. Indeed, many of the physical characteristics of compounds that are used to identify them (e.g. boiling points, melting
points and solubilities) are due to intermolecular interactions.

All atoms and molecules have a weak attraction for one another, known as van der Waals attraction. This attractive force has its
origin in the electrostatic attraction of the electrons of one molecule or atom for the nuclei of another. If there were no van der
Waals forces, all matter would exist in a gaseous state, and life as we know it would not be possible. It should be noted that there
are also smaller repulsive forces between molecules that increase rapidly at very small intermolecular distances.

Boiling and Melting Points

For general purposes it is useful to consider temperature to be a measure of the kinetic energy of all the atoms and molecules in a
given system. As temperature is increased, there is a corresponding increase in the vigor of translational and rotation motions of all
molecules, as well as the vibrations of atoms and groups of atoms within molecules. Experience shows that many compounds exist
normally as liquids and solids; and that even low-density gases, such as hydrogen and helium, can be liquified at sufficiently low
temperature and high pressure. A clear conclusion to be drawn from this fact is that intermolecular attractive forces vary
considerably, and that the boiling point of a compound is a measure of the strength of these forces. Thus, in order to break the
intermolecular attractions that hold the molecules of a compound in the condensed liquid state, it is necessary to increase their
kinetic energy by raising the sample temperature to the characteristic boiling point of the compound.

The following table illustrates some of the factors that influence the strength of intermolecular attractions. The formula of each
entry is followed by its formula weight in parentheses and the boiling point in degrees Celsius. First there is molecular size. Large
molecules have more electrons and nuclei that create van der Waals attractive forces, so their compounds usually have higher
boiling points than similar compounds made up of smaller molecules. It is very important to apply this rule only to like compounds.
The examples given in the first two rows are similar in that the molecules or atoms are spherical in shape and do not have
permanent dipoles. Molecular shape is also important, as the second group of compounds illustrate. The upper row consists of
roughly spherical molecules, whereas the isomers in the lower row have cylindrical or linear shaped molecules. The attractive
forces between the latter group are generally greater. Finally, permanent molecular dipoles generated by polar covalent bonds result
in even greater attractive forces between molecules, provided they have the mobility to line up in appropriate orientations. The last
entries in the table compare non-polar hydrocarbons with equal-sized compounds having polar bonds to oxygen and nitrogen.
Halogens also form polar bonds to carbon, but they also increase the molecular mass, making it difficult to distinguish among these
factors.

Boiling Points (°C) of Selected Elements and Compounds

Increasing Size

Atomic Ar (40) -186 Kr (83) -153 Xe (131) -109

Molecular CH,4 (16) -161 (CH3)4C (72) 9.5 (CH3)4Si (88) 27 CCly (154) 77
Molecular Shape

Spherical: (CH3)4C (72) 9.5 (CH3),CCl, (113) 69 (CH3)3CC(CH3)3 (114) 106

Linear: CH3(CH;)3CH3(72) 36 CI(CHy)sClI (113) 121 CHj3(CHy)6CHj3 (114) 126

Molecular Polarity

Non-polar: H,C=CH (28) -104 F, (38) -188 CH;C=CCHj (54)-32  CF,4(88)-130

Polar: H,C=0 (30) -21 CH;CH=0 (44) 20 (CH3)3N (59) 3.5 (CH5),C=0 (58) 56
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HC=N (27) 26 CH3C=N (41) 82 (CH,)30 (58) 50 CH3NO;, (61) 101

The melting points of crystalline solids cannot be categorized in as simple a fashion as boiling points. The distance between
molecules in a crystal lattice is small and regular, with intermolecular forces serving to constrain the motion of the molecules more
severely than in the liquid state. Molecular size is important, but shape is also critical, since individual molecules need to fit
together cooperatively for the attractive lattice forces to be large. Spherically shaped molecules generally have relatively high
melting points, which in some cases approach the boiling point. This reflects the fact that spheres can pack together more closely
than other shapes. This structure or shape sensitivity is one of the reasons that melting points are widely used to identify specific
compounds. The data in the following table serves to illustrate these points.

Compound Formula Boiling Point Melting Point
pentane CHj3(CH;3)3CH3 36°C -130°C
hexane CHj3(CH»)4CHj3 69°C -95°C
heptane CH3(CH;)sCH3 98°C -91°C

octane CH3(CHjy)gCH3 126°C -57°C

nonane CHj3(CH,);CH3 151°C —54°C

decane CH3(CH»)sCHj 174°C -30°C
tetramethylbutane (CH3)3C-C(CHs)3 106°C +100°C

Notice that the boiling points of the unbranched alkanes (pentane through decane) increase rather smoothly with molecular weight,
but the melting points of the even-carbon chains increase more than those of the odd-carbon chains. Even-membered chains pack
together in a uniform fashion more compactly than do odd-membered chains. The last compound, an isomer of octane, is nearly
spherical and has an exceptionally high melting point (only 6° below the boiling point).

Hydrogen Bonding

The most powerful intermolecular force influencing neutral (uncharged) molecules is the hydrogen bond. If we compare the
boiling points of methane (CHy) -161°C, ammonia (NH3) -33°C, water (H,O) 100°C and hydrogen fluoride (HF) 19°C, we see a
greater variation for these similar sized molecules than expected from the data presented above for polar compounds. This is shown
graphically in the following chart. Most of the simple hydrides of group IV, V, VI & VII elements display the expected rise in
boiling point with molecular mass, but the hydrides of the most electronegative elements (nitrogen, oxygen and fluorine) have
abnormally high boiling points for their mass.

100° 7

-100°

Temperature (° Celsius)

-200° T T

20 35 20 130
Molecular \Weight
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The exceptionally strong dipole-dipole attractions that cause this behavior are called the hydrogen bond. Hydrogen forms polar
covalent bonds to more electronegative atoms such as oxygen, and because a hydrogen atom is quite small, the positive end of the
bond dipole (the hydrogen) can approach neighboring nucleophilic or basic sites more closely than can other polar bonds.
Coulombic forces are inversely proportional to the sixth power of the distance between dipoles, making these interactions relatively
strong, although they are still weak (ca. 4 to 5 kcal per mole) compared with most covalent bonds. The unique properties of water
are largely due to the strong hydrogen bonding that occurs between its molecules. In the following diagram the hydrogen bonds are
depicted as magenta dashed lines.

o R, H R
H/ TR ar Hydrogen Bonding
H H in Alcohals and
.-d_' e \O/R \Water (R=H)
R N ]
\H ,H/ “m ST
H =3
T G
H R |
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H/ !
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R—\N ro-- H—Of-' Zd (acceptor only]
S o "
H (danor & acceptar) R u
- I _\'O/R
A i i
R Hydrogen Bonding Hydrogen Bonding
ta an Amine to a Carbonyl Group

The molecule providing a polar hydrogen for a hydrogen bond is called a denor. The molecule that provides the electron rich site
to which the hydrogen is attracted is called an acceptor. Water and alcohols may serve as both donors and acceptors, whereas
ethers, aldehydes, ketones and esters can function only as acceptors. Similarly, primary and secondary amines are both donors and
acceptors, but tertiary amines function only as acceptors. Once you are able to recognize compounds that can exhibit intermolecular
hydrogen bonding, the relatively high boiling points they exhibit become understandable. The data in the following table serve to
illustrate this point.

Compound Formula Mol. Wt. Boiling Point Melting Point
dimethyl ether CH30CH3; 46 —24°C —138°C
ethanol CH3CH,0H 46 78°C —-130°C
propanol CHj3(CH;),0H 60 98°C -127°C
diethyl ether (CH3CH»),0 74 34°C -116°C
propyl amine CH3(CH;),NH, 59 48°C -83°C
methylaminoethane CH3CH,NHCH3 59 37°C

trimethylamine (CH3)sN 59 3°C -117°C
ethylene glycol HOCH,CH,0H 62 197°C -13°C
acetic acid CH3COH 60 118°C 17°C
ethylene diamine H,NCH,CH;,;NH,» 60 118°C 8.5°C

Alcohols boil considerably higher than comparably sized ethers (first two entries), and isomeric 1°, 2° & 3°-amines, respectively,
show decreasing boiling points, with the two hydrogen bonding isomers being substantially higher boiling than the 3°-amine
(entries 5 to 7). Also, O-H---O hydrogen bonds are clearly stronger than N-H---N hydrogen bonds, as we see by comparing

propanol with the amines. As expected, the presence of two hydrogen bonding functions in a compound /':,O-‘""H—b:
raises the boiling point even further. Acetic acid (the ninth entry) is an interesting case. A dimeric species, HSC*C_\ g

O—H----¢

shown on the right, held together by two hydrogen bonds is a major component of the liquid state. If this
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is an accurate representation of the composition of this compound then we would expect its boiling point to be equivalent to that of
a C4HgO,4 compound (formula weight = 120). A suitable approximation of such a compound is found in tetramethoxymethane,
(CH30)4C, which is actually a bit larger (formula weight = 136) and has a boiling point of 114°C. Thus, the dimeric hydrogen
bonded structure appears to be a good representation of acetic acid in the condensed state.

A related principle is worth noting at this point. Although the hydrogen bond is relatively weak (ca. 4 to 5 kcal per mole), when
several such bonds exist the resulting structure can be quite robust. The hydrogen bonds between cellulose fibers confer great
strength to wood and related materials.

Solubility in Water

Water has been referred to as the "universal solvent", and its widespread distribution on this planet and essential role in life make it
the benchmark for discussions of solubility. Water dissolves many ionic salts thanks to its high dielectric constant and ability to
solvate ions. The former reduces the attraction between oppositely charged ions and the latter stabilizes the ions by binding to them
and delocalizing charge density. Many organic compounds, especially alkanes and other hydrocarbons, are nearly insoluble in
water. Organic compounds that are water soluble, such as most of those listed in the above table, generally have hydrogen bond
acceptor and donor groups. The least soluble of the listed compounds is diethyl ether, which can serve only as a hydrogen bond
acceptor and is 75% hydrocarbon in nature. Even so, diethyl ether is about two hundred times more soluble in water than is
pentane.

The chief characteristic of water that influences these solubilities is the extensive hydrogen bonded association of its molecules
with each other. This hydrogen bonded network is stabilized by the sum of all the hydrogen bond energies, and if nonpolar
molecules such as hexane were inserted into the network they would destroy local structure without contributing any hydrogen
bonds of their own. Of course, hexane molecules experience significant van der Waals attraction to neighboring molecules, but
these attractive forces are much weaker than the hydrogen bond. Consequently, when hexane or other nonpolar compounds are
mixed with water, the strong association forces of the water network exclude the nonpolar molecules, which must then exist in a

separate phase. This is shown in the following illustration, and since hexane is less dense than water, the hexane phase floats on the
water phase.

It is important to remember this tendency of water to exclude nonpolar molecules and groups, since it is a factor in the structure and
behavior of many complex molecular systems. A common nomenclature used to describe molecules and regions within molecules
is hydrophilic for polar, hydrogen bonding moieties and hydrophobic for nonpolar species.
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3.5: Application - Vitamins

The essential dietary substances called vitamins are commonly classified as "water soluble” or "fat soluble". Water soluble
vitamins, such as vitamin C, are rapidly eliminated from the body and their dietary levels need to be relatively high. The
recommended daily allotment (RDA) of vitamin C is 100 mg, and amounts as large as 2 to 3 g are taken by many people without
adverse effects. The lipid soluble vitamins, shown in the diagram below, are not as easily eliminated and may accumulate to toxic
levels if consumed in large quantity. The RDA for these vitamins are:

e Vitamin A 800 pg (upper limit ca. 3000 pg)

e Vitamin D 5 to 10 pg ( upper limit ca. 2000 pg)
o Vitamin E 15 mg ( upper limit ca. 1 g)

o Vitamin K 110 pg (‘upper limit not specified)

From this data it is clear that vitamins A and D, while essential to good health in proper amounts, can be very toxic. Vitamin D, for
example, is used as a rat poison, and in equal weight is more than 100 times as poisonous as sodium cyanide.
Lipid Soluble Vitamins

CHz CHz CHs

Bl
HO,

WOH CHs CHa CHa

CH= HzC ok CHa
vitamin & CHs CHs
C2oHzo0  part of the visual pigment CzeHsoDz  vitamin E an antioxidant
HsC CH3
HaC e
CH3 CHz

LI

o] CHz CH3z CHz CHs

yitamin Dy calcium metabolism

CogHas B bone growth vitamin Ky a blood clotting factor
o Ca1H402
HO' CHz
HzC
HaC. CHg CHz CHa
CHs CH3 HzC” "CHz

p-carotene the precursor to vitamin A

From the structures shown here, it should be clear that these compounds have more than a solubility connection with lipids.
Vitamins A is a terpene, and vitamins E and K have long terpene chains attached to an aromatic moiety. The structure of vitamin D
can be described as a steroid in which ring B is cut open and the remaining three rings remain unchanged. The precursors of
vitamins A and D have been identified as the tetraterpene beta-carotene and the steroid ergosterol, respectively.
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3.6: Application of Solubility- Soap

Carboxylic acids and salts having alkyl chains longer than eight carbons exhibit unusual behavior in
water due to the presence of both hydrophilic (CO;) and hydrophobic (alkyl) regions in the same
molecule. Such molecules are termed amphiphilic (Gk. amphi = both) or amphipathic. Fatty acids
made up of ten or more carbon atoms are nearly insoluble in water, and because of their lower density,
float on the surface when mixed with water. Unlike paraffin or other alkanes, which tend to puddle on the
waters surface, these fatty acids spread evenly over an extended water surface, eventually forming a
monomolecular layer in which the polar carboxyl groups are hydrogen bonded at the water interface, and
the hydrocarbon chains are aligned together away from the water. This behavior is illustrated in the
diagram on the right. Substances that accumulate at water surfaces and change the surface properties are
called surfactants.
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. J’\I\J’\J’\J’\!\!\!\!}% i Uy SR,

Alkali metal salts of fatty acids are more soluble in water than the acids themselves, and the amphiphilic
character of these substances also make them strong surfactants. The most common examples of such
compounds are soaps and detergents, four of which are shown below. Note that each of these molecules
has a nonpolar hydrocarbon chain, the "tail", and a polar (often ionic) "head group". The use of such
compounds as cleaning agents is facilitated by their surfactant character, which lowers the surface
tension of water, allowing it to penetrate and wet a variety of materials.

Hz Hz Hz Hz Hz Hz Hz Hz a soap
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Monpolar Hydrocarbon "Tail" Polar "Head Group"

Very small amounts of these surfactants dissolve in water to give a random dispersion of solute
molecules. However, when the concentration is increased an interesting change occurs. The surfactant
molecules reversibly assemble into polymolecular aggregates called micelles. By gathering the
hydrophobic chains together in the center of the micelle, disruption of the hydrogen bonded structure of
liquid water is minimized, and the polar head groups extend into the surrounding water where they
participate in hydrogen bonding. These micelles are often spherical in shape, but may also assume
cylindrical and branched forms, as illustrated on the right. Here the polar head group is designated by a
blue circle, and the nonpolar tail is a zig-zag black line.
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The oldest amphiphilic cleaning agent known to humans is soap. Soap is manufactured by the base-
catalyzed hydrolysis (saponification) of animal fat (see below). Before sodium hydroxide was
commercially available, a boiling solution of potassium carbonate leached from wood ashes was used.
Soft potassium soaps were then converted to the harder sodium soaps by washing with salt solution. The
importance of soap to human civilization is documented by history, but some problems associated with
its use have been recognized. One of these is caused by the weak acidity (pKj, ca. 4.9) of the fatty acids.
Solutions of alkali metal soaps are slightly alkaline (pH 8 to 9) due to hydrolysis. If the pH of a soap
solution is lowered by acidic contaminants, insoluble fatty acids precipitate and form a scum. A second
problem is caused by the presence of calcium and magnesium salts in the water supply (hard water).
These divalent cations cause aggregation of the micelles, which then deposit as a dirty scum.

These problems have been alleviated by the development of synthetic amphiphiles called detergents (or
syndets). By using a much stronger acid for the polar head group, water solutions of the amphiphile are
less sensitive to pH changes. Also the sulfonate functions used for virtually all anionic detergents confer
greater solubility on micelles incorporating the alkaline earth cations found in hard water. Variations on
the amphiphile theme have led to the development of other classes, such as the cationic and nonionic
detergents shown above. Cationic detergents often exhibit germicidal properties, and their ability to
change surface pH has made them useful as fabric softeners and hair conditioners. These versatile
chemical "tools" have dramatically transformed the household and personal care cleaning product
markets over the past fifty years.
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3.7: Application- The Cell Membrane
Phospholipids

Phospholipids are the main constituents of cell membranes. They resemble the triglycerides in being ester or amide derivatives of
glycerol or sphingosine with fatty acids and phosphoric acid. The phosphate moiety of the resulting phosphatidic acid is further
esterified with ethanolamine, choline or serine in the phospholipid itself. The following diagram shows the structures of some of
these components. Clicking on the diagram will change it to display structures for two representative phospholipids. Note that the
fatty acid components (R & R') may be saturated or unsaturated.
To see a model of a phospholipid Click Here.

Phospholipid Components

MNH2
HO OH  Fatty &cids HO™
HzC—0OH OH saturated & ethanolamine
1 unsaturated
HC—NH2 glyceral I
HC—0H S @ =
s . AMICHz)z OH
HC=CH-(CHz)1 2CHz HO™ COH HO
sphingosine phosphoric acid choline hydroxide

As ionic amphiphiles, phospholipids aggregate or self-assemble when mixed with water, but in a different manner than the soaps
and detergents. Because of the two pendant alkyl chains present in phospholipids and the unusual mixed charges in their head
groups, micelle formation is unfavorable relative to a bilayer structure. If a phospholipid is smeared over a small hole in a thin
piece of plastic immersed in water, a stable planar bilayer of phospholipid molecules is created at the hole. As shown in the
following diagram, the polar head groups on the faces of the bilayer contact water, and the hydrophobic alkyl chains form a
nonpolar interior. The phospholipid molecules can move about in their half the bilayer, but there is a significant energy barrier
preventing migration to the other side of the bilayer. To see an enlarged segment of a phospholipid bilayer Click Here.

This bilayer membrane structure is also found in aggregate structures called liposomes. Liposomes are microscopic vesicles
consisting of an aqueous core enclosed in one or more phospholipid layers. They are formed when phospholipids are vigorously
mixed with water. Unlike micelles, liposomes have both aqueous interiors and exteriors.
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This bilayer membrane structure is also found in aggregate structures called liposomes. Liposomes are microscopic vesicles
consisting of an aqueous core enclosed in one or more phospholipid layers. They are formed when phospholipids are vigorously

mixed with water. Unlike micelles, liposomes have both aqueous interiors and exteriors.
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A cell may be considered a very complex liposome. The bilayer membrane that separates the interior of a cell from the surrounding
fluids is largely composed of phospholipids, but it incorporates many other components, such as cholesterol, that contribute to its
structural integrity. Protein channels that permit the transport of various kinds of chemical species in and out of the cell are also
important components of cell membranes.

The interior of a cell contains a variety of structures (organelles) that conduct chemical operations vital to the cells existence.
Molecules bonded to the surfaces of cells serve to identify specific cells and facilitate interaction with external chemical entities.
The sphingomyelins are also membrane lipids. They are the major component of the myelin sheath surrounding nerve fibers.
Multiple Sclerosis is a devastating disease in which the myelin sheath is lost, causing eventual paralysis.

lonophores

Because the health of cells depends on maintaining the proper levels of cations in intracellular fluids, any change that affects the
normal flux of metal ions across cell membranes could well cause an organism to die. Molecules that facilitate the transport of
metal ions across membranes are generally called ionephores (ion plus phore from the Greek phorein, meaning “to carry”). Many
ionophores are potent antibiotics that can kill or inhibit the growth of bacteria. An example is valinomycin, a cyclic molecule with
a central cavity lined with oxygen atoms (part (a) in [] Figure 21.14 "Valinomycin Is an Antibiotic That Functions Like an
lTonophore™) that is similar to the cavity of a crown ether (part (a) in [] Figure 13.7 "Crown Ethers and Cryptands"). Like a crown
ether, valinomycin is highly selective: its affinity for K* is about 1000 times greater than that for Na*. By increasing the flux of K*
ions into cells, valinomycin disrupts the normal K* gradient across a cell membrane, thereby killing the cell (part (b) in [] Figure
21.14 "Valinomycin Is an Antibiotic That Functions Like an Ionophore").
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(a) K*-valinomycin complex (b) Transport of K* across a membrane

Figure 21.14 Valinomycin Is an Antibiotic That Functions Like an Ionophore

(a) This model of the structure of the K*—valinomycin complex, determined by x-ray diffraction, shows how the valinomycin
molecule wraps itself around the K* ion, shielding it from the environment, in a manner reminiscent of a crown ether complex. (For
more information on the crown ethers, see Chapter 13 "Solutions", Section 13.2 "Solubility and Molecular Structure".) (b)
Valinomycin kills bacteria by facilitating the transport of K™ ions across the cell membrane, thereby disrupting the normal
distribution of ions in the bacterium. At the surface of the membrane, valinomycin binds a K" ion. Because the hydrophobic
exterior of the valinomycin molecule forms a “doughnut” that shields the positive charge of the metal ion, the K"—valinomycin
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complex is highly soluble in the nonpolar interior of the membrane. After the K*—valinomycin complex diffuses across the
membrane to the interior of the cell, the K" ion is released, and the valinomycin is free to diffuse back to the other side of the
membrane to bind another K* ion. Valinomycin thereby destroys the normal K* gradient across the membrane, killing the cell.
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3.8: Functional Groups and Reactivity

Organic chemistry encompasses a very large number of compounds ( many millions ), and our previous discussion and illustrations
have focused on their structural characteristics. Now that we can recognize these actors ( compounds ), we turn to the roles they are
inclined to play in the scientific drama staged by the multitude of chemical reactions that define organic chemistry.

We begin by defining some basic terms that will be used frequently as this subject is elaborated.

Chemical Reaction: A transformation resulting in a change of composition, constitution and/or configuration of a compound (
referred to as the reactant or substrate ).

Reactant or Substrate: The organic compound undergoing change in a chemical reaction. Other compounds may also be
involved, and common reactive partners ( reagents ) may be identified. The reactant is often ( but not always ) the larger and more
complex molecule in the reacting system. Most ( or all ) of the reactant molecule is normally incorporated as part of the product
molecule.

Reagent: A common partner of the reactant in many chemical reactions. It may be organic or inorganic; small or large; gas, liquid
or solid. The portion of a reagent that ends up being incorporated in the product may range from all to very little or none.
Product(s) The final form taken by the major reactant(s) of a reaction.

Reaction Conditions The environmental conditions, such as temperature, pressure, catalysts & solvent, under which a reaction
progresses optimally. Catalysts are substances that accelerate the rate ( velocity ) of a chemical reaction without themselves being
consumed or appearing as part of the reaction product. Catalysts do not change equilibria positions.

If you scan any organic textbook you will encounter what appears to be a very large, often intimidating, number of reactions. These
are the "tools" of a chemist, and to use these tools effectively, we must organize them in a sensible manner and look for patterns of
reactivity that permit us make plausible predictions. Most of these reactions occur at special sites of reactivity known as functional
groups, and these constitute one organizational scheme that helps us catalog and remember reactions.

Ultimately, the best way to achieve proficiency in organic chemistry is to understand how reactions take place, and to
recognize the various factors that influence their course.

First, we identify four broad classes of reactions based solely on the structural change occurring in the reactant molecules. This
classification does not require knowledge or speculation concerning reaction paths or mechanisms. The four main reaction classes
are additions, eliminations, substitutions, and rearrangements.

Addition Elimination
=1 =1 P R R R =1 =1
Yomd 4+ MeB — a A—b—ba f——t—z —  o=d . vz
4 k) | | | | e k)
R R [=J=] R R R
Substitution Rearrangement

[ R E H E H
Aty 4z » R—bz v Ab b — = Rb—ban

[ L Lo o

In an addition reaction the number of o-bonds in the substrate molecule increases, usually at the expense of one or more n-bonds.
The reverse is true of elimination reactions, i.e.the number of o-bonds in the substrate decreases, and new m-bonds are often
formed. Substitution reactions, as the name implies, are characterized by replacement of an atom or group (Y) by another atom or
group (Z). Aside from these groups, the number of bonds does not change. A rearrangement reaction generates an isomer, and
again the number of bonds normally does not change.

The examples illustrated above involve simple alkyl and alkene systems, but these reaction types are general for most functional
groups, including those incorporating carbon-oxygen double bonds and carbon-nitrogen double and triple bonds. Some common
reactions may actually be a combination of reaction types. The reaction of an ester with ammonia to give an amide, as shown
below, appears to be a substitution reaction ( Y = CH30 & Z = NH; ); however, it is actually two reactions, an addition followed by
an elimination.
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Ester Arniche

The addition of water to a nitrile does not seem to fit any of the above reaction types, but it is simply a slow addition reaction
followed by a rapid rearrangement, as shown in the following equation. Rapid rearrangements of this kind are called

tautomerizations.
N—H "
N—H — —
+ H;0 p A fast H—H
R—C=N ——= | R—C = | p—¢ e,
addition rearrangement 8
Mitrile 0—H O—H Amide 0

Contributors

William Reusch, Professor Emeritus (Michigan State U.), Virtual Textbook of Organic Chemistry

3.8: Functional Groups and Reactivity is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by LibreTexts.

https://chem.libretexts.org/@go/page/30323


https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/30323?pdf
http://www.msu.edu/
https://www2.chemistry.msu.edu/faculty/reusch/VirtTxtJml/intro1.htm
https://chem.libretexts.org/Bookshelves/Organic_Chemistry/Map%3A_Organic_Chemistry_(Smith)/03%3A_Introduction_to_Organic_Molecules_and_Functional_Groups/3.08%3A_Functional_Groups_and_Reactivity
https://creativecommons.org/licenses/by-nc-sa/4.0

LibreTextsw

3.9: Biomolecules

Glucose

Glucose is initially synthesized by chlorophyll in plants using carbon dioxide from the air and sunlight as an energy source.
Glucose is further converted to starch for storage.

Prostaglandins

Prostaglandins are chemical messengers synthesized in the cells in which their physiological activity is expressed. They are
unsaturated fatty acids containing 20 carbon atoms and are synthesized from arachidonic acid—a polyunsaturated fatty acid—when
needed by a particular cell. They are called prostaglandins because they were originally isolated from semen found in the prostate
gland. Tt is now known that they are synthesized in nearly all mammalian tissues and affect almost all organs in the body. The five
major classes of prostaglandins are designated as PGA, PGB, PGE, PGF, and PGI. Subscripts are attached at the end of these
abbreviations to denote the number of double bonds outside the five-carbon ring in a given prostaglandin.

The prostaglandins are among the most potent biological substances known. Slight structural differences give them highly distinct
biological effects; however, all prostaglandins exhibit some ability to induce smooth muscle contraction, lower blood pressure, and
contribute to the inflammatory response. Aspirin and other nonsteroidal anti-inflammatory agents, such as ibuprofen, obstruct the
synthesis of prostaglandins by inhibiting cyclooxygenase, the enzyme needed for the initial step in the conversion of arachidonic
acid to prostaglandins.

Their wide range of physiological activity has led to the synthesis of hundreds of prostaglandins and their analogs. Derivatives of
PGE,; are now used in the United States to induce labor. Other prostaglandins have been employed clinically to lower or increase
blood pressure, inhibit stomach secretions, relieve nasal congestion, relieve asthma, and prevent the formation of blood clots, which
are associated with heart attacks and strokes.
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DNA

The secondary structure of DNA is actually very similar to the secondary structure of proteins. The protein single alpha helix
structure held together by hydrogen bonds was discovered with the aid of X-ray diffraction studies. The X-ray diffraction patterns
for DNA show somewhat similar patterns.

Introduction

In addition, chemical studies by E. Chargaff indicate several important clues about the structure of DNA. In the DNA of all
organisms:

1. The concentration of adenine equals that of thymine.
2. The concentration of guanine equals that of cytosine.

Chargaff's findings clearly indicate that some type of heterocyclic amine base pairing exists in the DNA structure. X-ray diffraction
data shows that a repeating helical pattern occurs every 34 Angstrom units with 10 subunits per turn. Each subunit occupies 3.4
Angstrom units which is the same amount of space occupied by a single nucleotide unit. Using Chargaff's information and the X-
ray data in conjunction with building actual molecular models, Watson and Crick developed the double helix as a model for DNA.

The double helix in DNA consists of two right-handed polynucleotide chains that are coiled about the same axis. The heterocyclic
amine bases project inward toward the center so that the base of one strand interacts or pairs with a base of the other strand.
According to the chemical and X-ray data and model building exercises, only specific heterocyclic amine bases may be paired.
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Base Pairing Principle
The Base Pairing Principle is that adenine pairs with thymine (A - T) and guanine pairs with cytosine (G - C)

The base pairing is called complementary because there are specific geometry requirements in the formation of hydrogen bonds
between the heterocylic amines. Heterocyclic amine base pairing is an application of the hydrogen bonding principle. In the
structures for the complementary base pairs given in the graphic on the left, notice that the thymine - adenine pair interacts through
two hydrogen bonds represented as (T=A) and that the cytosine-guanine pair interacts through three hydrogen bonds represented as
(C=G).

Although other base pairing-hydrogen bonding combinations may be possible, they are not utilized because the bond distances do
not correspond to those given by the base pairs already cited. The diameter of the helix is 20 Angstroms.

DNA Double Helix

The double-stranded helical model for DNA is shown in the graphic on the left. The easiest way to visualize DNA is as an
immensely long rope ladder, twisted into a cork-screw shape. The sides of the ladder are alternating sequences of deoxyribose and
phosphate (backbone) while the rungs of the ladder (bases) are made in two parts with each part firmly attached to the side of the
ladder. The parts in the rung are heterocyclic amines held in position by hydrogen bonding. Although most DNA exists as open
ended double helices, some bacterial DNA has been found as a cyclic helix. Occasionally, DNA has also been found as a single
strand.
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4.1: Alkanes—An Introduction

Alkanes are organic compounds that consist entirely of single-bonded carbon and hydrogen atoms and lack any other functional
groups. Alkanes have the general formula C), Hs, 2 and can be subdivided into the following three groups: the linear straight-
chain alkanes, branched alkanes, and cycloalkanes. Alkanes are also saturated hydrocarbons.

Cycloalkanes are cyclic hydrocarbons, meaning that the carbons of the molecule are arranged in the form of a ring. Cycloalkanes
are also saturated, meaning that all of the carbons atoms that make up the ring are single bonded to other atoms (no double or triple
bonds). There are also polycyclic alkanes, which are molecules that contain two or more cycloalkanes that are joined, forming
multiple rings.

Molecular Formulas

Alkanes are the simplest family of hydrocarbons - compounds containing carbon and hydrogen only. Alkanes only contain
carbon-hydrogen bonds and carbon-carbon single bonds. The first six alkanes are as follows:

methane CHy
ethane CaHe
propane C3Hs
butane C4H10
pentane CgHqo
hexane CsH14

You can work out the formula of any of the alkanes using the general formula CHzp+2

Isomerism

Isomers are molecules that have the same molecular formula, but have a different arrangement of the atoms in space. That excludes
any different arrangements which are simply due to the molecule rotating as a whole, or rotating about particular bonds. For
example, both of the following are the same molecule. They are not isomers. Both are butane.

s

All of the alkanes containing four or more carbon atoms show structural isomerism, meaning that there are two or more
different structural formulae that you can draw for each molecular formula.

Example 1: Butane or MethylPropane
C4H1g could be either of these two different molecules:

Lo . 8

CH3—CHz—CHz—CH3 CH3—CH—CH3

These are different molecules named butane (left) and 2-methylpropane (right).

There are also endless other possible ways that this molecule could twist itself. There is completely free rotation around all the
carbon-carbon single bonds. If you had a model of a molecule in front of you, you would have to take it to pieces and rebuild it if
you wanted to make an isomer of that molecule. If you can make an apparently different molecule just by rotating single bonds, it's
not different - it's still the same molecule. In structural isomerism, the atoms are arranged in a completely different order. This is
easier to see with specific examples. What follows looks at some of the ways that structural isomers can arise.
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Constitutional isomers arise because of the possibility of branching in carbon chains. For example, there are two isomers of butane,
C4Hj1g. In one of them, the carbon atoms lie in a "straight chain" whereas in the other the chain is branched.

2

|
CH3—CHa—CHa—CH3 CH3z—CH—CH;3

CHz

Be careful not to draw "false" isomers which are just twisted versions of the original molecule. For example, this structure is just
the straight chain version of butane rotated about the central carbon-carbon bond.
CHz—CH2

CHz—CH2

You could easily see this with a model. This is the example we've already used at the top of this page.

Y

{ -
Example 2: Constitutional Isomers in Pentane
Pentane, CsH;,, has three chain isomers. If you think you can find any others, they are simply twisted versions of the ones
below. If in doubt make some models.
i
CH3—CHa—CH2—CH2—CHs3 CH;—CHz—CH—CH3
P
CH3—[|)—CH3
CHg
Examples of Simple Unbranched Alkanes
Melecular Structural Molecular Structural
Name Isomers Name Isomers
Formula Formula Formula Formula
methane CHy CHy 1 hexane CgHqa CH3(CH2)4CH2 5
ethane CsHg CH3CH3 1 heptane CsHqg CH3(CHz)sCHa 9
propane CzHg CH3CH3CH3 1 octane CgHyg CH3(CH2)5CH2 18
butane CaH1p CH3CH2CH2CH3 2 nonane CgHag CH3(CH2)7CH3 35
pentane CsHiz CH3(CHz)3CH3 3 decane CqgHz2 CHa3(CH2)aCH2 75

Classification of Carbon and Hydrogen Atoms

Carbons have a special terminology to describe how many other carbons they are attached to.

c c c c
_(|;_ _é _c —t':—c C—t‘:—c
| | : ;
1° 2° 3° 4°

e Primary carbons (1°) attached to one other C atom

e Secondary carbons (2°) are attached to two other C’s
o Tertiary carbons (3°) are attached to theree other C’s
e Quaternary carbons (4°) are attached to four C's

For example, each of the three types of carbons are found in the 2,2 -dimethyl, 4-methylpentane molecule
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H30\ /H HaC\ /

3°c
T
C C—=CHj,
H3C/ \C/ \
CHs;

2°C

Hydrogen atoms are also classified in this manner. A hydrogen atom attached to a primary carbon atom is called a primary
hydrogen; thus, isobutane, has nine primary hydrogens and one tertiary hydrogen.

(o} c (l:
H—(l:— H—(|3—C H—T—C
1°H 2°H 3*H

e Primary hydrogens (1°) are attached to carbons bonded to one other C atom
¢ Secondary hydrogens (2°) are attached to carbons bonded to two other C’s
« Tertiary hydrogens (3°) are attached to carbons bonded to theree other C’s

Each of the three types of carbons are found in the 2,2 -dimethyl, 4-methylpentane molecule

HsC  H HsC
H\\c/ \c—
TR AN

/ Ho CH,
1°H T

2°H

3°
CH;
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4.1: Alkanes—An Introduction is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by LibreTexts.

https://chem.libretexts.org/@go/page/30338


https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/30338?pdf
http://chemistry.elmhurst.edu/vchembook/index.html
http://www.msu.edu/
https://www2.chemistry.msu.edu/faculty/reusch/VirtTxtJml/intro1.htm
http://www.sonoma.edu/
https://chem.libretexts.org/Bookshelves/Organic_Chemistry/Map%3A_Organic_Chemistry_(Smith)/04%3A_Alkanes/4.01%3A_AlkanesAn_Introduction
https://creativecommons.org/licenses/by-nc-sa/4.0

LibreTextsw

4.2: Cycloalkanes

Cycloalkanes are cyclic hydrocarbons, meaning that the carbons of the molecule are arranged in the form of a ring. Cycloalkanes
are also saturated, meaning that all of the carbons atoms that make up the ring are single bonded to other atoms (no double or triple
bonds). There are also polycyclic alkanes, which are molecules that contain two or more cycloalkanes that are joined, forming
multiple rings.

Introduction

Many organic compounds found in nature or created in a laboratory contain rings of carbon atoms with distinguishing chemical
properties; these compounds are known as cycloalkanes. Cycloalkanes only contain carbon-hydrogen bonds and carbon-carbon
single bonds, but in cycloalkanes, the carbon atoms are joined in a ring. The smallest cycloalkane is cyclopropane.

/CH2 H2C —CH2
H2C \CHQ H2C Hz
cyclopropane cyclobutane

CHz

CHa

/'
HQC/ \\CHQ i \CHQ

!

cycopentane cydohexane

H2C

If you count the carbons and hydrogens, you will see that they no longer fit the general formula C),, Hs, 1. By joining the carbon
atoms in a ring,two hydrogen atoms have been lost. The general formula for a cycloalkane is C;, Hs,,. Cyclic compounds are not all
flat molecules. All of the cycloalkanes, from cyclopentane upwards, exist as "puckered rings". Cyclohexane, for example, has a

ring structure that looks like this:

Figure 2: This is known as the "chair" form of cyclohexane from its shape, which vaguely resembles a chair. Note: The
cyclohexane molecule is constantly changing, with the atom on the left, which is currently pointing down, flipping up, and the atom
on the right flipping down. During this process, another (slightly less stable) form of cyclohexane is formed known as the "boat"
form. In this arrangement, both of these atoms are either pointing up or down at the same time

In addition to being saturated cyclic hydrocarbons, cycloalkanes may have multiple substituents or functional groups that further
determine their unique chemical properties. The most common and useful cycloalkanes in organic chemistry are cyclopentane and
cyclohexane, although other cycloalkanes varying in the number of carbons can be synthesized. Understanding cycloalkanes and
their properties are crucial in that many of the biological processes that occur in most living things have cycloalkane-like structures.

CHg
OH
: CHs
.. 0
/Q. wOH
HO
OH
Glucose (6 carbon sugar) Ribose (5 carbon sugar) Cholesterol (polycyclic)

Although polycyclic compounds are important, they are highly complex and typically have common names accepted by IUPAC.
However, the common names do not generally follow the basic TUPAC nomenclature rules. The general formula of the
cycloalkanes is C,, Hy, where n is the number of carbons. The naming of cycloalkanes follows a simple set of rules that are built
upon the same basic steps in naming alkanes. Cyclic hydrocarbons have the prefix "cyclo-".
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Contents

For simplicity, cycloalkane molecules can be drawn in the form of skeletal structures in which each intersection between two lines
is assumed to have a carbon atom with its corresponding number of hydrogens.

H H
H,
r—Lc/ﬂf\'CH2 H
ak " O
A H H
sameas H H  same as
Cycloalkane Molecular Formula Basic Structure
Cyclopropane CsHg A
Cyclobutane C4Hg
Cyclopentane CsHy Q
Cyclohexane CeH1o O
Cycloheptane C;H 4 Q
Cyclooctane C8H16 O
Cyclononane C9H18 O
Cyclodecane C1oHag CO

Contributors
e Jim Clark (Chemguide.co.uk)

e Pwint Zin
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4.3: An Introduction to Nomenclature

The increasingly large number of organic compounds identified with each passing day, together with the fact that many of these
compounds are isomers of other compounds, requires that a systematic nomenclature system be developed. Just as each distinct
compound has a unique molecular structure which can be designated by a structural formula, each compound must be given a
characteristic and unique name.

Introduction

As organic chemistry grew and developed, many compounds were given trivial names, which are now commonly used and
recognized. Some examples are:

Name Methane Butane Acetone Toluene Acetylene Ethyl Alcohol

Formula CHy C4Hg CH3COCH;3; CH3CgHg CoH), CyHsOH

Such common names often have their origin in the history of the science and the natural sources of specific compounds, but the
relationship of these names to each other is arbitrary, and no rational or systematic principles underly their assignments.

The IUPAC Systematic Approach to Nomenclature

A rational nomenclature system should do at least two things. First, it should indicate how the carbon atoms of a given compound
are bonded together in a characteristic lattice of chains and rings. Second, it should identify and locate any functional groups
present in the compound. Since hydrogen is such a common component of organic compounds, its amount and locations can be
assumed from the tetravalency of carbon, and need not be specified in most cases.

The IUPAC nomenclature system is a set of logical rules devised and used by organic chemists to circumvent problems caused by
arbitrary nomenclature. Knowing these rules and given a structural formula, one should be able to write a unique name for every
distinct compound. Likewise, given a [UPAC name, one should be able to write a structural formula. In general, an TUPAC name
will have three essential features:

e A root or base indicating a major chain or ring of carbon atoms found in the molecular structure.
o A suffix or other element(s) designating functional groups that may be present in the compound.
o Names of substituent groups, other than hydrogen, that complete the molecular structure.

As an introduction to the TUPAC nomenclature system, we shall first consider compounds that have no specific functional groups.
Such compounds are composed only of carbon and hydrogen atoms bonded together by sigma bonds (all carbons are sp3
hybridized).

An excellent presentation of organic nomenclature is provided on a Nomenclature Page. created by Dave Woodcock. A full
presentation of the IUPAC Rules is also available.

Contributors

o William Reusch, Professor Emeritus (Michigan State U.), Virtual Textbook of Organic Chemistry
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4.4: Naming Alkanes

Alkanes

Hydrocarbons having no double or triple bond functional groups are classified as alkanes or cycloalkanes, depending on whether
the carbon atoms of the molecule are arranged only in chains or also in rings. Although these hydrocarbons have no functional
groups, they constitute the framework on which functional groups are located in other classes of compounds, and provide an ideal
starting point for studying and naming organic compounds. The alkanes and cycloalkanes are also members of a larger class of
compounds referred to as aliphatic. Simply put, aliphatic compounds are compounds that do not incorporate any aromatic rings in
their molecular structure.

The following table lists the [UPAC names assigned to simple continuous-chain alkanes from C-1 to C-10. A common "ane"
suffix identifies these compounds as alkanes. Longer chain alkanes are well known, and their names may be found in many
reference and text books. The names methane through decane should be memorized, since they constitute the root of many ITUPAC
names. Fortunately, common numerical prefixes are used in naming chains of five or more carbon atoms.

Table: Simple Unbranched Alkanes

Molecular Structural Molecular Structural
Name Isomers Name Isomers
Formula Formula Formula Formula
methane CHy4 CHy4 1 hexane CgH14 CH3(CH)4,CH3 5
ethane CoHg CH3CH3 1 heptane CsHqg CHj3(CH;3)sCH3 9
propane C3Hg CH3CH,CHj; 1 octane CgH1g CH3(CH2)5CH3 18
butane C4H10 CH3CH2CH2CH3 2 nonane C9H20 CH3(CH2)7CH3 35
pentane C5H12 CH3(CH2)3CH3 3 decane C10H22 CH3(CH2)3CH3 75

Some important behavior trends and terminologies
1. The formulas and structures of these alkanes increase uniformly by a CH, increment.
2. A uniform variation of this kind in a series of compounds is called homologous.
3. These formulas all fit the C, H,, ., rule. This is also the highest possible H/C ratio for a stable hydrocarbon.
4. Since the H/C ratio in these compounds is at a maximum, we call them saturated (with hydrogen).

Beginning with butane (C4H1p), and becoming more numerous with larger alkanes, we note the existence of alkane isomers. For
example, there are five CgH14 isomers, shown below as abbreviated line formulas (A through E):

A B C D E
Although these distinct compounds all have the same molecular formula, only one (A) can be called hexane. How then are we to

name the others?

The IUPAC system requires first that we have names for simple unbranched chains, as noted above, and second that we have
names for simple alkyl groups that may be attached to the chains. Examples of some common alkyl groups are given in the
following table. Note that the "ane" suffix is replaced by "yl" in naming groups. The symbol R is used to designate a generic
(unspecified) alkyl group.

GI‘Ollp CH3— C2H5— CH3CH2CH2—(CH3)2CH— CH3CH2CHZ(CE[Hg)QCHCHQ—HgCHz(:H(((HBg)gC— R-

Name Methyl Ethyl Propyl Isopropyl  Butyl Isobutyl sec-Butyl  tert-Butyl  Alkyl

IUPAC Rules for Alkane Nomenclature

1. Find and name the longest continuous carbon chain.
2. Identify and name groups attached to this chain.
3. Number the chain consecutively, starting at the end nearest a substituent group.
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4. Designate the location of each substituent group by an appropriate number and name.
5. Assemble the name, listing groups in alphabetical order.
The prefixes di, tri, tetra etc., used to designate several groups of the same kind, are not considered when alphabetizing.

Halogen substituents are easily accommodated, using the names: fluoro (F-), chloro (Cl-), bromo (Br-) and iodo (I-).

Example 1: Halogen Substitution

For example, (CH3);CHCH,CH,Br would be named 1-bromo-3-methylbutane. If the halogen is bonded to a simple alkyl group an
alternative "alkyl halide" name may be used. Thus, C,HsCl may be named chloroethane (no locator number is needed for a two carbon
chain) or ethyl chloride.

For the above isomers of hexane the IUPAC names are: B 2-methylpentane C 3-methylpentane D 2,2-dimethylbutane E 2,3-
dimethylbutane

Alkyl Groups

Alkanes can be described by the general formula C H,,,,. An alkyl group is formed by removing one hydrogen from the alkane
chain and is described by the formula C H,, ;. The removal of this hydrogen results in a stem change from -ane to -yl. Take a look
at the following examples.

CH, - CHy
Methane Methyl

CH,CH,CH; » CH,CH,CHy
Propane Propyl

The same concept can be applied to any of the straight chain alkane names provided in the table above.

Name Molecular Formula Condensed Structural Formula
Methane CHy4 CHy4
Ethane CyHg CH3CHj3
Propane CzHg CH3CH,CH3
Butane C4Hyg CHj3(CH;),CH3
Pentane CsHyp CHj3(CH;)3CH3
Hexane CeH1g CHj3(CH;)4CH3
Heptane CsH1g CHj3(CH;3)sCH3
Octane CgHig CH3(CH;3)¢CH3
Nonane CgHjg CHj3(CH;);CH3y
Decane Ci10Hpo CH3(CH;)gCH3
Undecane C11Ho4 CH3(CH;)9CH3
Dodecane C12Hog CH3(CH,)10CHj3
Tridecane Ci3Hog CH3(CH;)11CH3
Tetradecane Ci14H3g CHj3(CH3)1,CH3
Pentadecane CisHzp CHj3(CHj3)13CH3
Hexadecane Ci6H3a CH3(CH3)14CH3
Heptadecane Ci17Hzg CH3(CHj3)15CH3
Octadecane CigHzg CH3(CH;3)16CH3
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Nonadecane C19Hyo CH3(CHy)17CH3

Eicosane CooHa CH3(CHy)18CH3

Three Principles of Naming

1. Choose the longest, most substituted carbon chain containing a functional group.

2. A carbon bonded to a functional group must have the lowest possible carbon number. If there are no functional groups, then any
substitute present must have the lowest possible number.

3. Take the alphabetical order into consideration; that is, after applying the first two rules given above, make sure that your
substitutes and/or functional groups are written in alphabetical order.

Example 1

What is the name of the follow molecule?

SOLUTION

Rule #1: Choose the longest, most substituted carbon chain containing a functional group. This example does not contain any
functional groups, so we only need to be concerned with choosing the longest, most substituted carbon chain. The longest carbon chain
has been highlighted in red and consists of eight carbons.

Rule #2: Carbons bonded to a functional group must have the lowest possible carbon number. If there are no functional groups, then
any substitute present must have the lowest possible number. Because this example does not contain any functional groups, we only
need to be concerned with the two substitutes present, that is, the two methyl groups. If we begin numbering the chain from the left, the
methyls would be assigned the numbers 4 and 7, respectively. If we begin numbering the chain from the right, the methyls would be
assigned the numbers 2 and 5. Therefore, to satisfy the second rule, numbering begins on the right side of the carbon chain as shown
below. This gives the methyl groups the lowest possible numbering.

Rule 3: In this example, there is no need to utilize the third rule. Because the two substitutes are identical, neither takes alphabetical
precedence with respect to numbering the carbons. This concept will become clearer in the following examples.

Example 2
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What is the name of the follow molecule?
SOLUTION

Rule #1: Choose the longest, most substituted carbon chain containing a functional group. This example contains two functional

groups, bromine and chlorine. The longest carbon chain has been highlighted in red and consists of seven carbons.
Br al

A~

Rule #2: Carbons bonded to a functional group must have the lowest possible carbon number. If there are no functional groups, then
any substitute present must have the lowest possible number. In this example, numbering the chain from the left or the right would
satisfy this rule. If we number the chain from the left, bromine and chlorine would be assigned the second and sixth carbon positions,
respectively. If we number the chain from the right, chlorine would be assigned the second position and bromine would be assigned the
sixth position. In other words, whether we choose to number from the left or right, the functional groups occupy the second and sixth
positions in the chain. To select the correct numbering scheme, we need to utilize the third rule.

Br cl Br al

7 5 3 1 1 3 5 7

Rule #3: After applying the first two rules, take the alphabetical order into consideration. Alphabetically, bromine comes before
chlorine. Therefore, bromine is assigned the second carbon position, and chlorine is assigned the sixth carbon position.
Br al

Example 3
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What is the name of the follow molecule?

SOLUTION
Rule #1: Choose the longest, most substituted carbon chain containing a functional group. This example contains two functional
groups, bromine and chlorine, and one substitute, the methyl group. The longest carbon chain has been highlighted in red and consists
of seven carbons.

Br cl

Rule #2: Carbons bonded to a functional group must have the lowest possible carbon number. After taking functional groups into
consideration, any substitutes present must have the lowest possible carbon number. This particular example illustrates the point of
difference principle. If we number the chain from the left, bromine, the methyl group and chlorine would occupy the second, fifth and
sixth positions, respectively. This concept is illustrated in the second drawing below. If we number the chain from the right, chlorine,
the methyl group and bromine would occupy the second, third and sixth positions, respectively, which is illustrated in the first drawing
below. The position of the methyl, therefore, becomes a point of difference. In the first drawing, the methyl occupies the third position.
In the second drawing, the methyl occupies the fifth position. To satisfy the second rule, we want to choose the numbering scheme that
provides the lowest possible numbering of this substitute. Therefore, the first of the two carbon chains shown below is correct.

Br d
[ 4 2
7 5 3 1
Br d
2 4 6
1 3 5 7

Therefore, the first numbering scheme is the appropriate one to use.
Br al
6 4 2

7 5 3 1

Once you have determined the correct numbering of the carbons, it is often useful to make a list, including the functional groups,
substitutes, and the name of the parent chain.

Rule #3: After applying the first two rules, take the alphabetical order into consideration. Alphabetically, bromine comes before
chlorine. Therefore, bromine is assigned the second carbon position, and chlorine is assigned the sixth carbon position.

Parent chain: heptane 2-Chloro 3-Methyl 6-Bromo

Contributors
« Anonymous
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4.5: Naming Cycloalkanes

Cycloalkanes are cyclic hydrocarbons, meaning that the carbons of the molecule are arranged in the form of a ring. Cycloalkanes
are also saturated, meaning that all of the carbons atoms that make up the ring are single bonded to other atoms (no double or triple
bonds). There are also polycyclic alkanes, which are molecules that contain two or more cycloalkanes that are joined, forming
multiple rings.

Introduction

Many organic compounds found in nature or created in a laboratory contain rings of carbon atoms with distinguishing chemical
properties; these compounds are known as cycloalkanes. Cycloalkanes only contain carbon-hydrogen bonds and carbon-carbon
single bonds, but in cycloalkanes, the carbon atoms are joined in a ring. The smallest cycloalkane is cyclopropane.

CHa H2C —CH2
Hz/ \Hz H2C Hz
cyclopropane cyclobutane

Hz
CHa

ch/ \\CHE HzI/\:Hz

cycopentane cydohexane

H2C

If you count the carbons and hydrogens, you will see that they no longer fit the general formula C,, Hs, 2. By joining the carbon
atoms in a ring,two hydrogen atoms have been lost. The general formula for a cycloalkane is C,, Hy,. Cyclic compounds are not all
flat molecules. All of the cycloalkanes, from cyclopentane upwards, exist as "puckered rings". Cyclohexane, for example, has a

ring structure that looks like this:

Figure 2: This is known as the "chair" form of cyclohexane from its shape, which vaguely resembles a chair. Note: The
cyclohexane molecule is constantly changing, with the atom on the left, which is currently pointing down, flipping up, and the atom
on the right flipping down. During this process, another (slightly less stable) form of cyclohexane is formed known as the "boat"
form. In this arrangement, both of these atoms are either pointing up or down at the same time

In addition to being saturated cyclic hydrocarbons, cycloalkanes may have multiple substituents or functional groups that further
determine their unique chemical properties. The most common and useful cycloalkanes in organic chemistry are cyclopentane and
cyclohexane, although other cycloalkanes varying in the number of carbons can be synthesized. Understanding cycloalkanes and
their properties are crucial in that many of the biological processes that occur in most living things have cycloalkane-like structures.

CHg

QH

H CH;

“. 0

/L%. wOH
HO
OH

Glucose (6 carbon sugar) Ribose (5 carbon sugar) Cholesterol (polycyclic)

Although polycyclic compounds are important, they are highly complex and typically have common names accepted by IUPAC.
However, the common names do not generally follow the basic IUPAC nomenclature rules. The general formula of the
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cycloalkanes is C,, Hy, where n is the number of carbons. The naming of cycloalkanes follows a simple set of rules that are built
upon the same basic steps in naming alkanes. Cyclic hydrocarbons have the prefix "cyclo-".
Contents

For simplicity, cycloalkane molecules can be drawn in the form of skeletal structures in which each intersection between two lines
is assumed to have a carbon atom with its corresponding number of hydrogens.

0 LI
H /C\CH H
H ‘lz‘__ /‘le H H O
sameas H H  same as
Cycloalkane Molecular Formula Basic Structure
Cyclopropane C3Hg A
Cyclobutane C4Hg
Cyclopentane CsHjo O
Cyclohexane CG H 12 O
Cycloheptane C;H 4 Q
Cyclooctane CgHig O
Cyclononane CgHyg O
Cyclodecane C 10 H 20 @

IUPAC Rules for Nomenclature

1. Determine the cycloalkane to use as the parent chain. The parent chain is the one with the highest number of carbon atoms. If
there are two cycloalkanes, use the cycloalkane with the higher number of carbons as the parent chain.

2. If there is an alkyl straight chain that has a greater number of carbons than the cycloalkane, then the alkyl chain must be used as
the primary parent chain. Cycloalkane acting as a substituent to an alkyl chain has an ending "-yl" and, therefore, must be
named as a cycloalkyl.

Cycloalkane Cycloalkyl
cyclopropane cyclopropyl
cyclobutane cyclobutyl
cyclopentane cyclopentyl
cyclohexane cyclohexyl
cycloheptane cycloheptyl
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cyclooctane cyclooctyl
cyclononane cyclononanyl
cyclodecane cyclodecanyl

Example

H4C —2 2
10

The longest straight chain contains 10 carbons, compared with cyclopropane, which only contains 3 carbons. Because cyclopropane is a
substituent, it would be named a cyclopropyl-substituted alkane.

3) Determine any functional groups or other alkyl groups.

4) Number the carbons of the cycloalkane so that the carbons with functional groups or alkyl groups have the lowest possible
number. A carbon with multiple substituents should have a lower number than a carbon with only one substituent or functional
group. One way to make sure that the lowest number possible is assigned is to number the carbons so that when the numbers
corresponding to the substituents are added, their sum is the lowest possible.

HaC HSCW
.
I ]

5 3
o

e e, 3

1-ethyl-3-methylcyclohexane (]_+3=4) NOT 1-ethyl-5-methylcyclohexane (]_+5=6)

5) When naming the cycloalkane, the substituents and functional groups must be placed in alphabetical order.

|
5/1\2/Elr
v

. 4 ,—3\
?ﬁ CH;
(ex: 2-bromo-1-chloro-3-methylcyclopentane)

6) Indicate the carbon number with the functional group with the highest priority according to alphabetical order. A dash"-" must
be placed between the numbers and the name of the substituent. After the carbon number and the dash, the name of the substituent
can follow. When there is only one substituent on the parent chain, indicating the number of the carbon atoms with the substituent
is not necessary.

Cl
t—z

|
(ex: 1-chlorocyclohexane or cholorocyclohexane is acceptable) i

7) If there is more than one of the same functional group on one carbon, write the number of the carbon two, three, or four times,
depending on how many of the same functional group is present on that carbon. The numbers must be separated by commas, and
the name of the functional group that follows must be separated by a dash. When there are two of the same functional group, the
name must have the prefix "di". When there are three of the same functional group, the name must have the prefix "tri". When there
are four of the same functional group, the name must have the prefix "tetra". However, these prefixes cannot be used when
determining the alphabetical priorities.

There must always be commas between the numbers and the dashes that are between the numbers and the names.

Example 2
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CH;

_ M,
5 \2 B
—Br
A /
g

(2-bromo-1,1-dimethylcyclohexane)

Notice that "f" of fluoro alphabetically precedes the "m" of methyl. Although "di" alphabetically precedes "f", it is not used in
determining the alphabetical order.

Example 3

CH

] / 3
5 \1—CH3

4 2
S g

(2-fluoro-1,1,-dimethylcyclohexane NOT 1,1-dimethyl-2-fluorocyclohexane)

8) If the substituents of the cycloalkane are related by the cis or trans configuration, then indicate the configuration by placing "cis-
" or "trans-" in front of the name of the structure.

Blue=Carbon =Hydrogen Green=Chlorine

Notice that chlorine and the methyl group are both pointed in the same direction on the axis of the molecule; therefore, they are cis.

2-=aCH,
2 cis-1-chloro-2-methylcyclopentane

9) After all the functional groups and substituents have been mentioned with their corresponding numbers, the name of the
cycloalkane can follow.
Reactivity

Cycloalkanes are very similar to the alkanes in reactivity, except for the very small ones, especially cyclopropane. Cyclopropane is
significantly more reactive than what is expected because of the bond angles in the ring. Normally, when carbon forms four single
bonds, the bond angles are approximately 109.5°. In cyclopropane, the bond angles are 60°.

109.5° band angle 60° bond angle
s
With the electron pairs this close together, there is a significant amount of repulsion between the bonding pairs joining the carbon

atoms, making the bonds easier to break.

Alcohol Substituents on Cycloalkanes

Alcohol (-OH) substituents take the highest priority for carbon atom numbering in TUPAC nomenclature. The carbon atom with the
alcohol substituent must be labeled as 1. Molecules containing an alcohol group have an ending "-ol", indicating the presence of an
alcohol group. If there are two alcohol groups, the molecule will have a "di-" prefix before "-ol" (diol). If there are three alcohol
groups, the molecule will have a "tri-" prefix before "-ol" (triol), etc.
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Example 4

The alcohol substituent is given the lowest number even though the two methyl groups are on the same carbon atom and labeling 1 on
that carbon atom would give the lowest possible numbers. Numbering the location of the alcohol substituent is unnecessary because the
ending "-ol" indicates the presence of one alcohol group on carbon atom number 1.
g g O
b, A CH
CH;

2,2-dimethylcyclohexanol NOT 1,1-dimethyl-cyclohexane-2-o0l

Example 5
Bir L
I
HaC A/
OH
3-bromo-2-methylcyclopentanol NOT 1-bromo-2-methyl-cyclopentane-2-ol
Example 5

Blue=Carbon =Hydrogen Red=0Oxygen

QH
LaOH

trans-cyclohexane-1,2-diol

Other Substituents on Cycloalkanes

There are many other functional groups like alcohol, which are later covered in an organic chemistry course, and they determine

the ending name of a molecule. The naming of these functional groups will be explained in depth later as their chemical properties
are explained.

Name Name ending
alkene -ene
alkyne -yne
alcohol -ol

ether -ether
nitrile -nitrile
amine -amine

aldehyde -al

ketone -one
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carboxylic acid -oic acid
ester -oate
amide -amide

Although alkynes determine the name ending of a molecule, alkyne as a substituent on a cycloalkane is not possible because
alkynes are planar and would require that the carbon that is part of the ring form 5 bonds, giving the carbon atom a negative charge.

/"

O

However, a cycloalkane with a triple bond-containing substituent is possible if the triple bond is not directly attached to the ring.

Example
CH
W
ethynylcyclooctane
Example
— CH.
SN
A /
3—2
1-propylcyclohexane
Summary

1. Determine the parent chain: the parent chain contains the most carbon atoms.

2. Number the substituents of the chain so that the sum of the numbers is the lowest possible.

3. Name the substituents and place them in alphabetical order.

4. If stereochemistry of the compound is shown, indicate the orientation as part of the nomenclature.

5. Cyclic hydrocarbons have the prefix "cyclo-" and have an "-alkane" ending unless there is an alcohol substituent present. When

an alcohol substituent is present, the molecule has an "-ol" ending.

Glossary

alcohol: An oxygen and hydrogenOH hydroxyl group that is bonded to a substituted alkyl group.

alkyl: A structure that is formed when a hydrogen atom is removed from an alkane.

cyclic: Chemical compounds arranged in the form of a ring or a closed chain form.

cycloalkanes: Cyclic saturated hydrocarbons with a general formula of CnH(2n). Cycloalkanes are alkanes with carbon atoms
attached in the form of a closed ring.

functional groups: An atom or groups of atoms that substitute for a hydrogen atom in an organic compound, giving the
compound unique chemical properties and determining its reactivity.

hydrocarbon: A chemical compound containing only carbon and hydrogen atoms.

saturated: All of the atoms that make up a compound are single bonded to the other atoms, with no double or triple bonds.
skeletal structure: A simplified structure in which each intersection between two lines is assumed to have a carbon atom with
its corresponding number of hydrogens.
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Problems

Name the following structures. (Note: The structures are complex for practice purposes and may not be found in nature.)
CH

2) o 3) CHS 5) 6)

H4C

7)
Draw the following structures.
8) 1,1-dibromo-5-fluoro-3-butyl-7-methylcyclooctane 9) trans-1-bromo-2-chlorocyclopentane
10) 1,1-dibromo-2,3-dichloro-4-propylcyclobutane 11) 2-methyl-1-ethyl-1,3-dipropylcyclopentane 12) cycloheptane-1,3,5-triol
Name the following structures.

Blue=Carbon =Hydrogen Red=0Oxygen Green=Chlorine
P -
|
13) ; 14) 15) 16)

18) 19) ”

Answers to Practice Problems
1) cyclodecane 2) chlorocyclopentane or 1-chlorocyclopentane 3) trans-1-chloro-2-methylcycloheptane

4) 3-cyclopropyl-6-methyldecane 5) cyclopentylcyclodecane or 1-cyclopentylcyclodecane 6) 1,3-dibromo-1-chloro-2-
fluorocycloheptane

7) 1-cyclobutyl-4-isopropylcyclohexane

T T R O

Br 10) Br 11) 12)Ho
13) cyclohexane 14) cyclohexanol 15) chlorocyclohexane 16) cyclopentylcyclohexane 17) 1-chloro-3-methylcyclobutane
18) 2,3-dimethylcyclohexanol 19) cis-1-propyl-2-methylcyclopentane

Inside Links

o Nomenclature of Alcohols
o Nomenclature of Ethers

¢ Nomenclature of Esters

o Nomenclature of Alkenes

¢ Nomenclature of Ketones and Aldehydes
o Nomenclature of Alkynes
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Outside links

e More Practice Problems on Nomenclature of Cycloalkanes

o Vollhardt, Schore. Organic Chemistry. 5th ed.

e Wikipedia: Cycloalkanes

e http://www.cem.msu.edu/~reusch/Virtual Text/nomen1.htm

o http://www.chemguide.co.uk/organicprops/alkanes/background.html
o http://www.cem.msu.edu/~reusch/Virtual Text/nomen1.htm

e http://science.csustan.edu/nhuy/chem...IVNamecyal.htm

o http://en.wikibooks.org/wiki/Organic...s/Cycloalkanes
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4.6: Common Names

Using Common Names with Branched Alkanes

Certain branched alkanes have common names that are still widely used today. These common names make use of prefixes, such as
iso-, sec-, tert-, and neo-. The prefix iso-, which stands for isomer, is commonly given to 2-methyl alkanes. In other words, if there
is methyl group located on the second carbon of a carbon chain, we can use the prefix iso-. The prefix will be placed in front of the
alkane name that indicates the total number of carbons. Examples:

o isopentane which is the same as 2-methylbutane
¢ isobutane which is the same as 2-methylpropane

To assign the prefixes sec-, which stands for secondary, and tert-, for tertiary, it is important that we first learn how to classify
carbon molecules. If a carbon is attached to only one other carbon, it is called a primary carbon. If a carbon is attached to two
other carbons, it is called a seconday carbon. A tertiary carbon is attached to three other carbons and last, a quaternary carbon is
attached to four other carbons. Examples:

e 4-sec-butylheptane (30g)
o 4-tert-butyl-5-isopropylhexane (30d); if using this example, may want to move sec/tert after iso disc

The prefix neo- refers to a substituent whose second-to-last carbon of the chain is trisubstituted (has three methyl groups attached
to it). A neo-pentyl has five carbons total. Examples:

e neopentane
¢ neoheptane

4.6: Common Names is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by LibreTexts.
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4.7: Fossil Fuels

Petroleum

The petroleum that is pumped out of the ground at locations around the world is a complex mixture of several thousand organic
compounds, including straight-chain alkanes, cycloalkanes, alkenes, and aromatic hydrocarbons with four to several hundred
carbon atoms. The identities and relative abundances of the components vary depending on the source. So Texas crude oil is
somewhat different from Saudi Arabian crude oil. In fact, the analysis of petroleum from different deposits can produce a
“fingerprint” of each, which is useful in tracking down the sources of spilled crude oil. For example, Texas crude oil is “sweet,”
meaning that it contains a small amount of sulfur-containing molecules, whereas Saudi Arabian crude oil is “sour,” meaning that it
contains a relatively large amount of sulfur-containing molecules.

Gasoline

Petroleum is converted to useful products such as gasoline in three steps: distillation, cracking, and reforming. Recall from Chapter
1 "Introduction to Chemistry" that distillation separates compounds on the basis of their relative volatility, which is usually
inversely proportional to their boiling points. Part (a) in [] Figure 2.23 "The Distillation of Petroleum" shows a cutaway drawing of
a column used in the petroleum industry for separating the components of crude oil. The petroleum is heated to approximately
400°C (750°F), at which temperature it has become a mixture of liquid and vapor. This mixture, called the feedstock, is introduced
into the refining tower. The most volatile components (those with the lowest boiling points) condense at the top of the column
where it is cooler, while the less volatile components condense nearer the bottom. Some materials are so nonvolatile that they
collect at the bottom without evaporating at all. Thus the composition of the liquid condensing at each level is different. These
different fractions, each of which usually consists of a mixture of compounds with similar numbers of carbon atoms, are drawn off
separately. Part (b) in [] Figure 2.23 "The Distillation of Petroleum" shows the typical fractions collected at refineries, the number
of carbon atoms they contain, their boiling points, and their ultimate uses. These products range from gases used in natural and
bottled gas to liquids used in fuels and lubricants to gummy solids used as tar on roads and roofs.

Figure 2.23 The Distillation of Petroleum

Numberof Boilingpoint  Uses
carbons range

Gases 1-4 0-30°C Bottled and natural gas

3—> Naphthas 5-10 30-180°C Gasoline

Kerosene for home

Kerosenes  10-16 180-260°C heaters, jet fuel

Diesel fuel, feedstock

Gas oils 16-60 260-350°C
for cracking

Motor oil, feedstock

Lubricants >60 350-575°C ™
for cracking

Candles, fuel oil for ships

" Crude oil Foeloll >70 >490°C and power stations
~400°C +—> Asphalt >80 >580°C Roofing tar, road tar

(a) Petroleum distillation tower (b) Petroleum fractions

(a) This is a diagram of a distillation column used for separating petroleum fractions. (b) Petroleum fractions condense at different
temperatures, depending on the number of carbon atoms in the molecules, and are drawn off from the column. The most volatile
components (those with the lowest boiling points) condense at the top of the column, and the least volatile (those with the highest
boiling points) condense at the bottom.

The economics of petroleum refining are complex. For example, the market demand for kerosene and lubricants is much lower than
the demand for gasoline, yet all three fractions are obtained from the distillation column in comparable amounts. Furthermore, most
gasolines and jet fuels are blends with very carefully controlled compositions that cannot vary as their original feedstocks did. To
make petroleum refining more profitable, the less volatile, lower-value fractions must be converted to more volatile, higher-value

mixtures that have carefully controlled formulas. The first process used to accomplish this transformation is cracking, in which the
larger and heavier hydrocarbons in the kerosene and higher-boiling-point fractions are heated to temperatures as high as 900°C.
High-temperature reactions cause the carbon—carbon bonds to break, which converts the compounds to lighter molecules similar to
those in the gasoline fraction. Thus in cracking, a straight-chain alkane with a number of carbon atoms corresponding to the
kerosene fraction is converted to a mixture of hydrocarbons with a number of carbon atoms corresponding to the lighter gasoline
fraction. The second process used to increase the amount of valuable products is called reforming; it is the chemical conversion of
straight-chain alkanes to either branched-chain alkanes or mixtures of aromatic hydrocarbons. Using metals such as platinum
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brings about the necessary chemical reactions. The mixtures of products obtained from cracking and reforming are separated by
fractional distillation.

Octane Ratings

The quality of a fuel is indicated by its octane rating, which is a measure of its ability to burn in a combustion engine without
knocking or pinging. Knocking and pinging signal premature combustion ([] Figure 2.24 "The Burning of Gasoline in an Internal
Combustion Engine"), which can be caused either by an engine malfunction or by a fuel that burns too fast. In either case, the
gasoline-air mixture detonates at the wrong point in the engine cycle, which reduces the power output and can damage valves,
pistons, bearings, and other engine components. The various gasoline formulations are designed to provide the mix of
hydrocarbons least likely to cause knocking or pinging in a given type of engine performing at a particular level.

Figure 2.24 The Burning of Gasoline in an Internal Combustion Engine

Combustion
chamber

(a) Normal combustion (b) Premature combustion

(a) Normally, fuel is ignited by the spark plug, and combustion spreads uniformly outward. (b) Gasoline with an octane rating that
is too low for the engine can ignite prematurely, resulting in uneven burning that causes knocking and pinging.

The octane scale was established in 1927 using a standard test engine and two pure compounds: n-heptane and isooctane (2,2,4-
trimethylpentane). n-Heptane, which causes a great deal of knocking on combustion, was assigned an octane rating of 0, whereas
isooctane, a very smooth-burning fuel, was assigned an octane rating of 100. Chemists assign octane ratings to different blends of
gasoline by burning a sample of each in a test engine and comparing the observed knocking with the amount of knocking caused by
specific mixtures of n-heptane and isooctane. For example, the octane rating of a blend of 89% isooctane and 11% n-heptane is
simply the average of the octane ratings of the components weighted by the relative amounts of each in the blend. Converting
percentages to decimals, we obtain the octane rating of the mixture:

A gasoline that performs at the same level as a blend of 89% isooctane and 11% n-heptane is assigned an octane rating of 89; this
represents an intermediate grade of gasoline. Regular gasoline typically has an octane rating of 87; premium has a rating of 93 or
higher.

As shown in [] Figure 2.25 "The Octane Ratings of Some Hydrocarbons and Common Additives", many compounds that are now
available have octane ratings greater than 100, which means they are better fuels than pure isooctane. In addition, antiknock agents,
also called octane enhancers, have been developed. One of the most widely used for many years was tetraethyllead [(C,Hs)4Pb],
which at approximately 3 g/gal gives a 10—15-point increase in octane rating. Since 1975, however, lead compounds have been
phased out as gasoline additives because they are highly toxic. Other enhancers, such as methyl t-butyl ether (MTBE), have been
developed to take their place. They combine a high octane rating with minimal corrosion to engine and fuel system parts.
Unfortunately, when gasoline containing MTBE leaks from underground storage tanks, the result has been contamination of the
groundwater in some locations, resulting in limitations or outright bans on the use of MTBE in certain areas. As a result, the use of
alternative octane enhancers such as ethanol, which can be obtained from renewable resources such as corn, sugar cane, and,
eventually, corn stalks and grasses, is increasing.

Figure 2.25 The Octane Ratings of Some Hydrocarbons and Common Additives
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Nafie Condensed Structural Octane Narie Condensed Structural | Octane
Formula Rating Formula Rating
CH,
n-heptane CH,CH,CH,CH,CH,CH,CH, 0 o-xylene ©[ 107
CH,
n-hexane CH,CH,CH,CH,CH,CH, 25 ethanol CH,CH,0H 108
t-butyl
n-pentane CH,CH,CH,CH,CH, 62 alcohyol (CH,),COH 113
isooctane (CH,),CCH,CH(CH,), 100 p-xylene HXC—<j>—CH3 116
benzene 106 methyl t-butyl H,COC(CH,), 116
ether
methanol CH,0H 107 toluene <j>—CH3 118
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4.8: Physical Properties of Alkanes

Alkanes are not very reactive and have little biological activity; all alkanes are colorless and odorless.

Boiling Points
The boiling points shown are for the "straight chain" isomers of which there is more than one. The first four alkanes are gases at
room temperature, and solids do not begin to appear until about C7H3g, but this is imprecise because different isomers typically
have different melting and boiling points. By the time you get 17 carbons into an alkane, there are unbelievable numbers of
isomers!

Boiling Points of the Alkanes

temperature (K)
400

liguicls

room
ternperatire

300

D00 e

1 2 3 4 5 6
number of carbon atoms

Cycloalkanes have boiling points that are approximately 20 K higher than the corresponding straight chain alkane.

There is not a significant electronegativity difference between carbon and hydrogen, thus, there is not any significant bond polarity.
The molecules themselves also have very little polarity. A totally symmetrical molecule like methane is completely non-polar,
meaning that the only attractions between one molecule and its neighbors will be Van der Waals dispersion forces. These forces
will be very small for a molecule like methane but will increase as the molecules get bigger. Therefore, the boiling points of the
alkanes increase with molecular size.

Where you have isomers, the more branched the chain, the lower the boiling point tends to be. Van der Waals dispersion forces are
smaller for shorter molecules and only operate over very short distances between one molecule and its neighbors. It is more
difficult for short, fat molecules (with lots of branching) to lie as close together as long, thin molecules.

Example

For example, the boiling points of the three isomers of Cs Hiy are:

e pentane: 309.2 K

e 2-methylbutane: 301.0 K

e 2.2-dimethylpropane: 282.6 K

The slightly higher boiling points for the cycloalkanes are presumably because the molecules can get closer together because the ring
structure makes them tidier and less "wriggly"!

Solubility

Alkanes (both alkanes and cycloalkanes) are virtually insoluble in water, but dissolve in organic solvents. However, liquid alkanes
are good solvents for many other non-ionic organic compounds.

Solubility in Water

When a molecular substance dissolves in water, the following must occur:

o break the intermolecular forces within the substance. In the case of the alkanes, these are the Van der Waals dispersion forces.
o break the intermolecular forces in the water so that the substance can fit between the water molecules. In water, the primary
intermolecular attractions are hydrogen bonds.

Breaking either of these attractions requires energy, although the amount of energy to break the Van der Waals dispersion forces in
something like methane is relatively negligible; this is not true of the hydrogen bonds in water.
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As something of a simplification, a substance will dissolve if there is enough energy released when new bonds are made between
the substance and the water to compensate for what is used in breaking the original attractions. The only new attractions between
the alkane and the water molecules are Van der Waals forces. These forces do not release a sufficient amount of energy to
compensate for the energy required to break the hydrogen bonds in water. The alkane does not dissolve.

Note: This is a simplification because entropic effects are important when things dissolve.

Solubility in organic solvents

In most organic solvents, the primary forces of attraction between the solvent molecules are Van der Waals - either dispersion
forces or dipole-dipole attractions. Therefore, when an alkane dissolves in an organic solvent, the Van der Waals forces are broken
and are replaced by new Van der Waals forces. The two processes more or less cancel each other out energetically; thus, there is no
barrier to solubility.

Contributors
Jim Clark (Chemguide.co.uk)
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4.9: Conformations of Butane

Now let us consider butane, a slightly larger molecule. There are now three rotating carbon-carbon bonds to consider, but we will
focus on the middle bond between C; and Cs. Below are two representations of butane in a conformation which puts the two CHj
groups (C; and Cy) in the eclipsed position.

H,CCHs
H3C\ CHs
HrC C‘H <mTooooo ('
R - H
H H 7
eclipsed (A)

This is the highest energy conformation for butane, due to what is called ‘van der Waals repulsion’, or ‘steric repulsion’,
between the two rather bulky methyl groups.

What is van der Waals repulsion? Didn’t we just learn in Chapter 2 that the van der Waals force between two nonpolar groups is an
attractive force? Consider this: you probably like to be near your friends, but no matter how close you are you probably don’t want
to share a one-room apartment with five of them. When the two methyl groups are brought too close together, the overall resulting
noncovalent interaction is repulsive rather than attractive. The result is that their respective electron densities repel one another.

If we rotate the front, (blue) carbon by 60°clockwise, the butane molecule is now in a staggered conformation.

gauche

This is more specifically referred to as the ‘gauche’ conformation of butane. Notice that although they are staggered, the two
methyl groups are not as far apart as they could possibly be. There is still significant steric repulsion between the two bulky groups.

A further rotation of 60°gives us a second eclipsed conformation (B) in which both methyl groups are lined up with hydrogen

atoms.
H,cH
HsC H
~C—CLy <o ¢
H™. ~H H,
H CHs H, CHs
eclipsed (B)

Due to steric repulsion between methyl and hydrogen substituents, this eclipsed conformation B is higher in energy than the gauche
conformation. However, because there is no methyl-to-methyl eclipsing, it is lower in energy than eclipsed conformation A.

One more 60 rotation produces the ‘anti’ conformation, where the two methyl groups are positioned opposite each other and steric
repulsion is minimized.

anti

This is the lowest energy conformation for butane.

The diagram below summarizes the relative energies for the various eclipsed, staggered, and gauche conformations.
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degrees of rotation about the C,-C5 bond

At room temperature, butane is most likely to be in the lowest-energy anti conformation at any given moment in time, although the
energy barrier between the anti and eclipsed conformations is not high enough to prevent constant rotation except at very low
temperatures. For this reason (and also simply for ease of drawing), it is conventional to draw straight-chain alkanes in a zigzag
form, which implies anti conformation at all carbon-carbon bonds.
HHH HH H
d_d d__cH
AUNACENA YN A 3 — /\/\/\/
ch C(:\ :C\ :C\
HH H HH H

octane
Template:ExampleStart
Exercise 3.1: Draw Newman projections of the eclipsed and staggered conformations of propane.

Exercise 3.2: Draw a Newman projection, looking down the C»-C3 bond, of 1-butene in the conformation shown below.

H
|

H\C/C\C/CH3

S Y
H H H

Solutions
Template:ExampleEnd

The following diagram illustrates the change in potential energy that occurs with rotation about the C,—Cs3 bond.

Organic Chemistry With a Biological Emphasis by Tim Soderberg (University of Minnesota, Morris)
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4.10: An Introduction to Cycloalkanes

Cycloalkanes have one or more rings of carbon atoms. The simplest examples of this class consist of a single, unsubstituted carbon
ring, and these form a homologous series similar to the unbranched alkanes. The ITUPAC names of the first five members of this
series are given in the following table. The last (yellow shaded) column gives the general formula for a cycloalkane of any size. If a
simple unbranched alkane is converted to a cycloalkane two hydrogen atoms, one from each end of the chain, must be lost. Hence
the general formula for a cycloalkane composed of n carbons is C,Hjy,. Although a cycloalkane has two fewer hydrogens than the
equivalent alkane, each carbon is bonded to four other atoms so such compounds are still considered to be saturated with

hydrogen.
Table 4.11.1: Examples of Simple Cycloalkanes
Name Cyclopropane Cyclobutane Cyclopentane Cyclohexane Cycloheptane  Cycloalkane
Molecular
CsHg C4Hg CsHio CeH12 C7His CnHon
Formula
Structural I BC—CH, B, e H C,Eion
Z i T e, Mo :CHZ ] :CHZ CH
Formula meer, Be—Ch mee et o (CHo)n

Line A ] Q D O @oﬁz)n_g

Formula

The Baeyer Theory on the Strain in Cycloalkane Rings

Many of the properties of cyclopropane and its derivatives are similar to the properties of alkenes. In 1890, the famous German
organic chemist, A. Baeyer, suggested that cyclopropane and cyclobutane derivatives are different from cyclopentane and
cyclohexane, because their C—C—C angles cannot have the tetrahedral value of 109.5°. At the same time, Baeyer hypothesized
that the difficulties encountered in synthesizing cycloalkane rings from C7 upward was the result of the angle strain that would be
expected if the large rings were regular planar polygons (see Table 12-3). Baeyer also believed that cyclohexane had a planar
structure like that shown in Figure 12-2, which would mean that the bond angles would have to deviate 10.5° from the tetrahedral
value. However, in 1895, the then unknown chemist H. Sachse suggested that cyclohexane exists in the strain-free chair and boat
forms discussed in Section 12-3. This suggestion was not accepted at the time because it led to the prediction of several possible
isomers for compounds such as chlorocyclohexane (cf. Exercise 12-4). The idea that such isomers might act as a single substance,
as the result of rapid equilibration, seemed like a needless complication, and it was not until 1918 that E. Mohr proposed a
definitive way to distinguish between the Baeyer and Sachse cyclohexanes. As will be discussed in Section 12-9, the result, now
known as the Sachse-Mohr theory, was complete confirmation of the idea of nonplanar large rings.

Table 12-3: Strain in Cycloalkane Rings and Heats of Combustion of Cycloalkanes

Angle Strain at

Heat of Combustion

Heat of Combustion

Total Strain

Compound each (kcal/mol) per (kcal/mol)
(kcal/mol)

ethene 109.5 337.2 168.6 22.4
cyclopropane 49.5 499.9 166.6 27.7
cyclobutane 19.5 655.9 164.0 26.3
cyclopentane 1.5 793.4 158.7 6.5
cyclohexane 10.5 944.8 157.5 0.4
cycloheptane 19.1 1108.1 158.4 6.3
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cyclooctane 8 25.5 1268.9 158.6 9.7

cyclononane 9 30.5 1429.5 158.8 129

cyclodecane 10 34.5 1586.1 158.6 12.1
cyclopentadecane 15 46.5 2362.5 157.5 1.5
open chain alkane 157.4 -

One of the most interesting developments in ‘the stereochemistry of organic compounds in recent years has been the demonstration
that transcyclooctene (but not the cis isomer) can be resolved into stable chiral isomers (enantiomers, Section 5-IB). In general, a
trans-cycloalkene would not be expected to be resolvable because of the possibility for formation of achiral conformations with a
plane of symmetry. Any conformation with all of the carbons in a plane is such an achiral conformation (Figure 12-20a). However,
when the chain connecting the ends of the double bond is short, as in trans-cyclooctene, steric hindrance and steric strain prevent
easy.

Contributors

o William Reusch, Professor Emeritus (Michigan State U.), Virtual Textbook of Organic Chemistry
¢ John D. Robert and Marjorie C. Caserio (1977) Basic Principles of Organic Chemistry, second edition. W. A. Benjamin, Inc. ,
Menlo Park, CA. ISBN 0-8053-8329-8. This content is copyrighted under the following conditions, "You are granted

permission for individual, educational, research and non-commercial reproduction, distribution, display and performance of this
work in any format."
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4.11: Cyclohexane

Although the customary line drawings of simple cycloalkanes are geometrical polygons, the actual shape of these compounds in
most cases is very different.

cyclopropane  cyclobutane cyclopentane cyclohexane cycloheptane cyclooctane

9

>

Cyclopropane is necessarily planar (flat), with the carbon atoms at the corners of an equilateral triangle. The 60° bond angles are
much smaller than the optimum 109.5° angles of a normal tetrahedral carbon atom, and the resulting angle strain dramatically
influences the chemical behavior of this cycloalkane. Cyclopropane also suffers substantial eclipsing strain, since all the carbon-
carbon bonds are fully eclipsed. Cyclobutane reduces some bond-eclipsing strain by folding (the out-of-plane dihedral angle is
about 25°), but the total eclipsing and angle strain remains high. Cyclopentane has very little angle strain (the angles of a pentagon
are 108°), but its eclipsing strain would be large (about 10 kcal/mol) if it remained planar. Consequently, the five-membered ring
adopts non-planar puckered conformations whenever possible.

Rings larger than cyclopentane would have angle strain if they were planar. However, this strain, together with the eclipsing strain
inherent in a planar structure, can be relieved by puckering the ring. Cyclohexane is a good example of a carbocyclic system that
virtually eliminates eclipsing and angle strain by adopting non-planar conformations. Cycloheptane and cyclooctane have greater
strain than cyclohexane, in large part due to transannular crowding (steric hindrance by groups on opposite sides of the ring).

Conformations of Cyclohexane

A planar structure for cyclohexane is clearly improbable. The bond angles would necessarily be 120° 10.5° larger than the ideal
tetrahedral angle. Also, every carbon-carbon bond in such a structure would be eclipsed. The resulting angle and eclipsing strains
would severely destabilize this structure. If two carbon atoms on opposite sides of the six-membered ring are lifted out of the plane
of the ring, much of the angle strain can be eliminated.
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This boat structure still has two eclipsed bonds and severe steric crowding of two hydrogen atoms on the "bow" and "stern" of the
boat. This steric crowding is often called steric hindrance. By twisting the boat conformation, the steric hindrance can be partially
relieved, but the twist-boat conformer still retains some of the strains that characterize the boat conformer. Finally, by lifting one
carbon above the ring plane and the other below the plane, a relatively strain-free 'chair' conformer is formed. This is the
predominant structure adopted by molecules of cyclohexane.

Investigations concerning the conformations of cyclohexane were initiated by H. Sachse (1890) and E. Mohr (1918), but it was not
until 1950 that a full treatment of the manifold consequences of interconverting chair conformers and the different orientations of
pendent bonds was elucidated by D. H. R. Barton (Nobel Prize 1969 together with O. Hassel). The following discussion presents
some of the essential features of this conformational analysis.

On careful examination of a chair conformation of cyclohexane, we find that the twelve hydrogens are not structurally equivalent.
Six of them are located about the periphery of the carbon ring, and are termed equatorial. The other six are oriented above and
below the approximate plane of the ring (three in each location), and are termed axial because they are aligned parallel to the
symmetry axis of the ring.
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axial hydrogens bolded

In the figure above, the equatorial hydrogens are colored blue, and the axial hydrogens are in bold. Since there are two equivalent
chair conformations of cyclohexane in rapid equilibrium, all twelve hydrogens have 50% equatorial and 50% axial character. The
figure below illustrates how to convert a molecular model of cyclohexane between two different chair conformations - this is
something that you should practice with models. Notice that a 'ring flip' causes equatorial hydrogens to become axial, and vice-
versa.

rotate this carbon up

rotate this carbon down

H
m H H H H <——= equitorial up
H
H H<{——= axial down

How to draw stereo bonds ("up” and "down" bonds)

There are various ways to show these orientations. The solid (dark) "up wedge" I used is certainly common. Some people use an
analogous "down wedge", which is light, to indicate a down bond; unfortunately, there is no agreement as to which way the wedge
should point, and you are left relying on the lightness of the wedge to know it is "down". The "down bond" avoids this wedge
ambiguity, and just uses some kind of light line. The down bond I used (e.g., in Figure 5B) is a dashed line; IUPAC encourages a
series of parallel lines, something like [;:a down bond of the type IUPAC prefers. Itis a series of parallel lines..  What I did is a wvariation of what is
recommended by IUPAC: http://www.chem.qmul.ac.uk/iupac/stereo/intro.html.

In ISIS/Draw, the "up wedge" and "down bond" that I used, along with other variations,
are available from a tool button that may be labeled with any of them, depending on most
recent use. It is located directly below the tool button for ordinary C-C bonds.

In Symyx Draw, the "up wedge" and "down bond", along with other variations, are
available from a tool button that may be labeled with any of them, depending on most
recent use. It is located directly below the "Chain" tool button.

ChemSketch provides up and down wedges, but not the simple up and down bonds
discussed above. The wedges are available from the second toolbar across the top. For an
expanded discussion of using these wedges, see the section of my ChemSketch Guide on
Stereochemistry: Wedge bonds.

As always, the information provided on these pages in intended to help you get started.
Each program has more options for drawing bonds than discussed here. When you feel

the need, look around!

How to draw chairs

Most of the structures shown on this page were drawn with the free program ISIS/Draw. I have posted a guide to help you get
started with [SIS/Draw. ISIS/Draw provides a simple cyclohexane (6-ring) hexagon template on the toolbar across the top. It
provides templates for various 6-ring chair structures from the Templates menu; choose Rings. There are templates for simple

https://chem.libretexts.org/@go/page/30349



https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/30349?pdf
http://bbruner.org/obc/rings.htm#Fig5
http://www.chem.qmul.ac.uk/iupac/stereo/intro.html
http://bbruner.org/obc/chemsket.htm#Wedge
http://bbruner.org/obc/isis.htm

LibreTextsw

chairs, without substituents (e.g., Fig 1B), and for chairs showing all the substituents (e.g., Fig 2B). In either case, you can add,
delete, or change things as you wish. Various kinds of stereo bonds (wedges and bars) are available by clicking the left-side tool
button that is just below the regular C-C single bond button. It may have a wedge shown on it, but this will vary depending on how
it has been used. To choose a type of stereo bond, click on the button and hold the mouse click; a new menu will appear to the right
of the button.

The free drawing program Symyx Draw, the successor to ISIS/Draw, provides similar templates and tools. A basic chair structure
is provided on the default template bar that is shown. More options are available by choosing the Rings template. See my page
Symyx Draw for a general guide for getting started with this program.

The free drawing program ChemSketch provides similar templates and tools. To find the special templates for chairs, go to the
Templates menu, choose Template Window, and then choose "Rings" from the drop-down menu near upper left. See my page
ChemSketch for a general guide for getting started with this program.

If you want to draw chair structures by hand (and if you are going on in organic chemistry, you should)... Be careful. The precise
zigs and zags, and the angles of substituents are all important. Your textbook may offer you some hints for how to draw chairs. A
short item in the Journal of Chemical Education offers a nice trick, showing how the chair can be thought of as consisting of an M
and a W. The article is V Dragojlovic, A method for drawing the cyclohexane ring and its substituents. J Chem Educ 78:923, 7/01.
(I thank M Farooq Wahab, Chemistry, Univ Karachi, for suggesting that this article be noted here.)

Aside from drawing the basic chair, the key points in adding substituents are:

e Axial groups alternate up and down, and are shown "vertical".

o Equatorial groups are approximately horizontal, but actually somewhat distorted from that, so that the angle from the axial
group is a bit more than a right angle -- reflecting the common 109 degree bond angle.

e As cautioned before, it is usually easier to draw and see what is happening at the four corners of the chair than at the two middle
positions. Try to use the corners as much as possible.

Organic Chemistry With a Biological Emphasis by Tim Soderberg (University of Minnesota, Morris)

o William Reusch, Professor Emeritus (Michigan State U.), Virtual Textbook of Organic Chemistry

4.11: Cyclohexane is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by LibreTexts.
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4.12: Substituted Cycloalkanes

Because axial bonds are parallel to each other, substituents larger than hydrogen generally suffer greater steric crowding when they
are oriented axial rather than equatorial. Consequently, substituted cyclohexanes will preferentially adopt conformations in which
the larger substituents assume equatorial orientation.

CHj
wcm
R T

methyl group axial methyl group equitorial
(more stable)

When the methyl group in the structure above occupies an axial position it suffers steric crowding by the two axial hydrogens
located on the same side of the ring.

steric repulsion

The conformation in which the methyl group is equatorial is more stable, and thus the equilibrium lies in this direction.

The relative steric hindrance experienced by different substituent groups oriented in an axial versus equatorial location on
cyclohexane may be determined by the conformational equilibrium of the compound. The corresponding equilibrium constant is
related to the energy difference between the conformers, and collecting such data allows us to evaluate the relative tendency of
substituents to exist in an equatorial or axial location.A table of these free energy values (sometimes referred to as A values) may
be examined by clicking here.

Looking at the energy values in this table, it is clear that the apparent "size" of a substituent (in terms of its preference for
equatorial over axial orientation) is influenced by its width and bond length to cyclohexane, as evidenced by the fact that an axial
vinyl group is less hindered than ethyl, and iodine slightly less than chlorine.

We noted earlier that cycloalkanes having two or more substituents on different ring carbon atoms exist as a pair (sometimes more)
of configurational stereoisomers. Now we must examine the way in which favorable ring conformations influence the properties of
the configurational isomers. Remember, configurational stereoisomers are stable and do not easily interconvert, whereas,
conformational isomers normally interconvert rapidly. In examining possible structures for substituted cyclohexanes, it is useful to
follow two principles:

(i) Chair conformations are generally more stable than other possibilities.

(ii) Substituents on chair conformers prefer to occupy equatorial positions due to the increased steric hindrance of axial
locations.

A Selection of AG®° Values for the Change from Axial to Equatorial Orientation of Substituents for Monosubstituted

Cyclohexanes

Substituent —AG? kcal/mol Substituent —AG? kcal/mol

CH,— 1.7 0,N— 11

CH,H, — 1.8 N=C— 0.2

(CH,),CH— 2.2 CH,0— 0.5

(CH,),C— >5.0 HO,C— 0.7

F— 0.3 H,C=CH- 1.3

Cl- 0.5 CH,— 3.0
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Br— 0.5
I- 0.5

Chlorocyclohexane

This is an example of the next level of complexity, a mono-
substituted cycloalkane. See Fig 3.

l""iChlorucyclohexane: simple hexagon and chair structures, showing hydrogen atoms.

Figure 3

So what is new here? Not much, with the hexagon formula, Fig 3A. That type of formula shows the basic "connectivity" of the
atoms -- who is connected to whom. This chemical has one CI on the ring, and it does not matter where we show it. There is now
only one H on that C, but since we are not showing H explicitly here, that is not an issue in drawing the structure. (It is an issue
when you look at it and want to count H.)

With the chair formula (Fig 3B), which shows information not only about connectivity but also about conformation, there is
important new information here. In a chair, there are two "types" of substituents: those pointing up or down, and called axial, and
those pointing "outward", and called equatorial. I have shown the chlorine atom in an equatorial position. Why? Two reasons: it is
what we would predict, and it is what is found. Why do we predict that the Cl is equatorial? Because it is bigger than H, and there
is more room in the equatorial positions.

Helpful Hints...

If possible, examine a physical model of cyclohexane and chlorocyclohexane, so that you
can see the axial and equatorial positions. Common ball and stick models are fine for
this. It should be easy to see that the three axial H on one side can get very near each
other.

If you do not have access to physical models, examining computer models can also be
useful. See my RasMol page for a program and source of structures for this.

When putting substituents on chair structures, I encourage you to use the four corner
positions of the chair as much as possible. It is easier to see the axial and equatorial
relationship at the corners.

In Fig 3B I have shown the H atom that is on the same carbon as the Cl atom. This is
perhaps not necessary, since the correct number of H atoms is understood, by counting
bonds on C. But showing the H explicitly at key C atoms helps to make the structure
clearer. This may be particularly important with hand-drawn structures. I often see
structures where I am not sure whether a particular atom is shown axial or equatorial.
But if both atoms at the position (the H as well as the Cl) are shown, then hopefully it
becomes clearer which is which. I also encourage students who are not sure of their art
work to annotate their drawing. Say what you mean. That allows me to distinguish
whether you are unsure which direction things point or simply unsure how to draw them.)
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Again, a reminder... For notes on how to draw chairs (by hand or using a drawing
program), see the section E.2. Note: How to draw chairs.

Dichlorocyclohexanes: an introduction

The next level of complexity is a di-substituted cycloalkane, "dichlorocyclohexane". The first question we must ask is which C the
two chlorine substituents are on. For now, I want to discuss 1,3- dichlorocyclohexane. This introduces another issue: are the two Cl
on the same side of the ring, or on opposite sides? We call these "cis" (same side) and "trans" (opposite sides). We focus on one of
these, cis-1,3-dichlorocyclohexane. And for now, we will just look at hexagon structural formulas, leaving the question of
conformation for later. Let's go through this one step at a time.

1,3-Dichlorocyclohexane

Our first attempt to draw 1,3-dichlorocyclohexane might look
something like Fig 4.

['jl,3-dichlor0cyclohexane: simple hexagon, with no info about orientation.

Figure 4

The structure in Fig 4 is indeed a dichlorocyclohexane. It is even a 1,3-dichlorocyclohexane. However, this structure provides no
information about the orientation of the two Cl atoms relative to the plane of the ring. To show a specific isomer -- cis or trans --
we must somehow show how the two Cl atoms are oriented relative to the plane of the ring.

cis-1,3-Dichlorocyclohexane

Fig 5 shows two common ways to show how the substituents are
oriented relative to the plane of the ring. The compound shown
here is cis-1,3-dichlorocyclohexane.

l"j"tis-1,3-dichlor0cyclohexane: hexagon formulas, with info about orientation of groups relative to plane of the ring.

Figure 5

The basic idea in both of these is that we can imagine the ring to be planar, and then show the groups above or below the plane of
the ring. How we show this is different in the two parts of Fig 5. In Fig 5A, we look at the ring "edge-on". The thick line for the
bottom bond is intended to convey the edge-on view (or side view); this is sometimes omitted, especially with hand-drawn
structures, but be careful then that the meaning is clear. Once we understand that we are now looking at the ring edge-on, it is clear
that the two Cl atoms are both above the ring, hence cis. In Fig 5B, we view the ring "face-on" (or top view), and use special bond
symbols -- "stereo bonds" -- to convey up and down: the heavy wedge -- an "up wedge" -- points upward, toward you, and the
dashed bond -- a "down bond" -- points downward, away from you. Again, both CI are "up", hence cis.

Notes...

For some notes on how to draw the stereo bonds, see the section E.1. Note: How to draw
stereo bonds ("up" and "down" bonds).

In discussing Fig 5, I started by saying that we imagine the ring to be planar. Emphasize
that cycloalkane rings are not really planar (except for cyclopropane rings). As so often,
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the structural formula represents the general layout of the atoms, but not the actual
molecular geometry.

Those with the Ouellette book can see examples of these two ways of showing up/down on
p 81 (top) and p 80 (middle). Most organic chemistry books will show you this.

The conformation of cis-1,3-dichlorocyclohexane

Fig 6, at the right, is one way to show this. Fig 6 shows features of
the compound that we have already noted -- plus one more. Let's
go through these features, emphasizing what is new.

l"""cis-1,3-dichlor0cyclohexane: conformation.

Figure 6

The structure shows cis-1,3-dichlorocyclohexane: a 6-ring; 2 Cl atoms, at positions 1 and 3; and cis, with both Cl on the same side
of -- above -- the H that is on the same C.

I showed the 2 Cl atoms at corner positions, and I showed the H at the key positions
explicitly. These points follow from some of the Helpful Hints discussed earlier. It is not
required that you do these things, but they can make things easier for you -- and for
anyone reading your structures.

Now, what is new here? The conformation. We start with the notion that the conformation of cyclohexane derivatives is based on
the "chair". At each position, one substituent is axial (loosely, perpendicular to the ring), and one is equatorial (loosely, in the plane
of the ring). There is more room in the equatorial positions (not easily seen with these simple drawings, but ordinary ball and stick
models do help with this point). Thus we try to put the larger substituents in the equatorial positions. In this case, we put the Cl
equatorial and the H axial at each position 1 and position 3.

We are now done with this compound, cis-1,3-dichlorocyclohexane. However, we have missed one very important concern --
because it is not an issue in this case. So let's look at another compound.

cis-1,2-Dichlorocyclohexane

cis-1,2-Dichlorocyclohexane is like the previous compound, Figure 7

except that the two chloro groups are now at 1,2, rather than at
1,3.

Fig 7 shows a simple structural formula for 1,2-
l'jl,2-dichlorocyclohexane: simple hexagon, with no info about orientation.

dichlorocyclohexane, without orientation. This is analogous to Fig
4 above for the 1,3 isomer.

Figure 8 : o
Fig 8 shows two ways to show the cis orientation in cis-1,2-

l'jcis—1,2—dichlorocyclohexane: hexagon formulas, with info about orientation of groups relative to plane of the dichlorocyclohexane. This Flg is ElHEllOgOUS to Flg 5 above fOI‘ the

ring.

1,3 isomer.

Figures 7 and 8 above introduce no new ideas or complications. These two figures should be straightforward.
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So, what is the preferred conformation of cis-1,2-dichlorocyclohexane? This requires careful consideration; an important lesson
from this exercise is to realize that we cannot propose a good conformation based simply on what we have learned so far.

The two guidelines we have so far for conformation of 6-rings are:

e The carbon ring is in a chair.
o Larger substituents are in equatorial positions.

Let's explore the difficulty here by looking at some things people might naively draw.

Figure 9 . . ) )
Fig 9 shows an attempt to draw a chair conformation of cis-1,2-

dichlorocyclohexane. It satisfies both of the guidelines listed

l':An attempt to draw a chair conformation of cis-1,2-dichlorocyclohexane. But this is the wrong chemical.

above. But it is wrong.

Why is Fig 9 wrong? It is the wrong chemical. The structure shown in Fig 9 is trans, not cis. Look carefully at the 1 and 2
positions. At one of them, the H is above the CI; at the other, the Cl is above the H. Trans. Wrong chemical. The structure shown in
Fig 9 is not the requested chemical.

Figure 10

l':Another attempt to draw a chair conformation of cis-1,2-dichlorocyclohexane. But this is an invalid Flg 10 attempts to fix the problem with Flg 9. But it is also WrOHg.

structure.

Why is Fig 10 wrong? After all, it seems to address the criteria presented. It contains both of the larger atoms (Cl) equatorial, and
they are cis as desired. However, in Fig 10, the two axial groups on carbons # 1 and 2 (the two H that are shown) are both pointing
up. This is impossible. In a valid chair, the axial groups alternate up/down as one goes around the ring; see Figure 2B, above. This
follows from the tetrahedral bonding of C. Adjacent axial groups, as relevant here, must point in opposite directions; that condition
is violated here. That is, Fig 10 is not a valid chair.

Those who find the above point new or surprising should check their textbook. If possible,
look at models of cyclohexane and simple derivatives such as the one here. Figure 2B,
above, is correct. In my experience, many students have not yet noticed this feature of
chair conformations.

If you think you have an alternative that is better (or even satisfactory), please show it to
me. I suspect it will turn out to be equivalent to Fig 9 or Fig 10, above. But if you think it
is good, let's discuss it.

So now what? We have a contradiction. And that really is the most important point here. It is important to realize that we cannot
draw a conformation for cis-1,2-dichlorocyclohexane which easily fits the criteria we have used so far: a chair, with large groups
equatorial. So what do we do? Clearly, the conformation of this compound must, in some way, involve more issues than what we
have considered so far.

Instructors and books will vary in how much further explanation they want to give on this matter. Therefore, how you proceed from
here must take into account the preferences in your course. Here is one way to proceed.

One simple way to proceed is to re-examine the two criteria we have been using, and then state a generality about what to do in the
event of a conflict. That generality is: use the chair, and then fit the groups as best you can. That is, try to put as many of the larger
groups equatorial as you can, but realize that you may not get them all equatorial.

Figure 11
Fig 11 shows a plausible chair conformation of cis-1,2-

l':A plausible chair conformation of cis-1,2-dichlorocyclohexane. dichlorocyclohexaﬂe,

What have we accomplished here? First, this is the correct compound. Convince yourself that this really is cis-1,2-
dichlorocyclohexane. In particular, it is cis because at each substituted position the Cl is "above" the H; that is, both ClI are on the
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same side of the ring.

Second, this is a proper chair. Adjacent axial groups point in opposite directions. Only two of them are shown here: the axial CI on
the upper right C is "up", and the axial H on the lower right C is "down". Thus, these aspects satisfy the proper way to orient things,
in general, on a cyclohexane chair.

How good a conformation is the one shown in Fig 11? Actually, it is quite good, in this case. The actual conformation has been
measured, and it follows the basic ideas shown here.

Is this the end of the story? No, but it is about enough for now. The main purpose here was to show how one must carefully look at
conformation, within the constraints of the specific isomer one is trying to draw. Some compounds cannot be easily drawn within
the common "rules". cis-1,2-dichlorocyclohexane is one such example. In this case, we kept the basic chair conformation, but put
one larger group in the less favored axial orientation. Measurements on many such chemicals have shown that the energetic penalty
of moving a cyclohexane ring much away from the basic chair conformation is quite large -- certainly larger than the energetic
penalty of putting one "somewhat large" group in an axial position. Of course, with larger groups or more groups, this might not
hold.

Organic Chemistry With a Biological Emphasis by Tim Soderberg (University of Minnesota, Morris)

e Robert Bruner (http://bbruner.org)

4.12: Substituted Cycloalkanes is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by LibreTexts.

e 4.7: Conformations of Monosubstituted Cyclohexanes by Dietmar Kennepohl, Krista Cunningham, Layne Morsch, Robert Bruner, Steven
Farmer, Tim Soderberg is licensed CC BY-SA 4.0.
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4.13: Oxidation of Alkanes

Oxidation and Reduction of Alkanes

You are undoubtedly already familiar with the general idea of oxidation and reduction: you learned in general chemistry that when
a compound or atom is oxidized it loses electrons, and when it is reduced it gains electrons. You also know that oxidation and
reduction reactions occur in pairs: if one species is oxidized, another must be reduced at the same time - thus the term 'redox
reaction'.

Most of the redox reactions you have seen previously in general chemistry probably involved the flow of electrons from one metal
to another, such as the reaction between copper ion in solution and metallic zinc:

Cu*%q) + Zng) — Cugs) + Zn*%q)

In organic chemistry, redox reactions look a little different. Electrons in an organic redox reaction often are transferred in the form
of a hydride ion - a proton and two electrons. Because they occur in conjunction with the transfer of a proton, these are commonly
referred to as hydrogenation and dehydrogenation reactions: a hydride plus a proton adds up to a hydrogen (H,) molecule. Be
careful - do not confuse the terms hydrogenation and dehydroegenation with hydration and dehydration - the latter refer to the gain
and loss of a water molecule (and are not redox reactions), while the former refer to the gain and loss of a hydrogen molecule.

When a carbon atom in an organic compound loses a bond to hydrogen and gains a new bond to a heteroatom (or to another
carbon), we say the compound has been dehydrogenated, or oxidized. A very common biochemical example is the oxidation of an
alcohol to a ketone or aldehyde:

Dehydrogenation (oxidation) of o~ H 0 )
an alcohol c\; loses H:H P gin;;t:lond to
RY /7~ H R™ R
il
loses bond to
hydrogen

When a carbon atom loses a bond to hydrogen and gains a bond to a heteroatom (or to another carbon atom), it is considered to be
an oxidative process because hydrogen, of all the elements, is the least electronegative. Thus, in the process of dehydrogenation the
carbon atom undergoes an overall loss of electron density - and loss of electrons is oxidation.

Conversely, when a carbon atom in an organic compound gains a bond to hydrogen and loses a bond to a heteroatom (or to another
carbon atom), we say that the compound has been hydrogenated, or reduced. The hydrogenation of a ketone to an alcohol, for
example, is overall the reverse of the alcohol dehydrogenation shown above. Illustrated below is another common possibility, the
hydrogenation (reduction) of an alkene to an alkane.

loses C-C bond gains two C-H bonds
Hgdroguination (reduction) R\ ﬂ . _— H \ﬂ ﬂ/H
of an alkene i _gains HH "~
“e=c! RCCoR
R R R

Hydrogenation results in higher electron density on a carbon atom(s), and thus we consider process to be one of reduction of the
organic molecule.

Notice that neither hydrogenation nor dehydrogenation involves the gain or loss of an oxygen atom. Reactions which do involve
gain or loss of one or more oxygen atoms are usually referred to as 'oxygenase' and 'reductase' reactions, and are the subject of
section 16.10 and section 17.3.

For the most part, when talking about redox reactions in organic chemistry we are dealing with a small set of very recognizable
functional group transformations. It is therefore very worthwhile to become familiar with the idea of 'oxidation states' as applied to
organic functional groups. By comparing the relative number of bonds to hydrogen atoms, we can order the familiar functional
groups according to oxidation state. We'll take a series of single carbon compounds as an example. Methane, with four carbon-
hydrogen bonds, is highly reduced. Next in the series is methanol (one less carbon-hydrogen bond, one more carbon-oxygen bond),
followed by formaldehyde, formate, and finally carbon dioxide at the highly oxidized end of the group.
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This pattern holds true for the relevant functional groups on organic molecules with two or more carbon atoms:

N

0
HiC—CH;  |HsC—CH, H,C=CH, D HCCH, |
OH R o} Hsc”™ SOH

most reduced > most oxidized

Alkanes are highly reduced, while alcohols - as well as alkenes, ethers, amines, sulfides, and phosphate esters - are one step up on
the oxidation scale, followed by aldehydes/ketones/imines and epoxides, and finally by carboxylic acid derivatives (carbon dioxide,
at the top of the oxidation list, is specific to the single carbon series).

Notice that in the series of two-carbon compounds above, ethanol and ethene are considered to be in the same oxidation state. You
know already that alcohols and alkenes are interconverted by way of addition or elimination of water (section 14.1). When an
alcohol is dehydrated to form an alkene, one of the two carbons loses a C-H bond and gains a C-C bond, and thus is oxidized.
However, the other carbon loses a C-O bond and gains a C-C bond, and thus is considered to be reduced. Overall, therefore, there is
no change to the oxidation state of the molecule.

You should learn to recognize when a reaction involves a change in oxidation state in an organic reactant . Looking at the following
transformation, for example, you should be able to quickly recognize that it is an oxidation: an alcohol functional group is
converted to a ketone, which is one step up on the oxidation ladder.

HO CO; HO O3

OP OH

Likewise, this next reaction involves the transformation of a carboxylic acid derivative (a thioester) first to an aldehyde, then to an
alcohol: this is a double reduction, as the substrate loses two bonds to heteroatoms and gains two bonds to hydrogens.

HO CHsQ HO CH;Q HO CH; OH
co,c. A co,c A 20,0 Ak
SCoA H

H
thioester aldehyde alcohol

An acyl transfer reaction (for example the conversion of an acyl phosphate to an amide) is not considered to be a redox reaction -
the oxidation state of the organic molecule is does not change as substrate is converted to product, because a bond to one
heteroatom (oxygen) has simply been traded for a bond to another heteroatom (nitrogen).

0} 0}

I l
— _.C<

oP R”ONR;

7N

R

carbon is in same oxidation state - not a redox
reaction

It is important to be able to recognize when an organic molecule is being oxidized or reduced, because this information tells you to
look for the participation of a corresponding redox agent that is being reduced or oxidized- remember, oxidation and reduction
always occur in tandem! We will soon learn in detail about the most important biochemical and laboratory redox agents.

Template:ExampleStart
Exercise 16.1: is an aldol condensation a redox reaction? Explain.
Exercise 16.2: Is the reaction catalyzed by squalene epoxidase a redox reaction? How about squalene cyclase? Explain.

Template:ExampleEnd

https://chem.libretexts.org/@go/page/30351



https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/30351?pdf
https://chem.libretexts.org/Template:ExampleStart
https://chem.libretexts.org/Template:ExampleEnd

LibreTextsw

he combustion of carbon compounds, especially hydrocarbons, has been the most important source of heat energy for human
civilizations throughout recorded history. The practical importance of this reaction cannot be denied, but the massive and
uncontrolled chemical changes that take place in combustion make it difficult to deduce mechanistic paths. Using the combustion
of propane as an example, we see from the following equation that every covalent bond in the reactants has been broken and an
entirely new set of covalent bonds have formed in the products. No other common reaction involves such a profound and pervasive
change, and the mechanism of combustion is so complex that chemists are just beginning to explore and understand some of its
elementary features.

CH,—CH,—CH, + 50, — 3CO, +4H,0 + heat (4.13.1)

Two points concerning this reaction are important:

1. Since all the covalent bonds in the reactant molecules are broken, the quantity of heat evolved in this reaction is related to the
strength of these bonds (and, of course, the strength of the bonds formed in the products). Precise heats of combustion
measurements can provide useful information about the structure of molecules.

2. The stoichiometry of the reactants is important. If insufficient oxygen is supplied some of the products will consist of the less
oxidized carbon monoxide CO gas.

CH,—CH,—CH, +40, — CO, +2C0 +4H,0 + heat (4.13.2)

Heat of Combustion

From the previous discussion, we might expect isomers to have identical heats of combustion. However, a few simple
measurements will disabuse this belief. Thus, the heat of combustion of pentane is —782 kcal/mole, but that of its 2,2-
dimethylpropane (neopentane) isomer is —777 kcal/mole. Differences such as this reflect subtle structural variations, including the
greater bond energy of 1°-C—H versus 2°-C—H bonds and steric crowding of neighboring groups. In small-ring cyclic compounds
ring strain can be a major contributor to thermodynamic stability and chemical reactivity. The following table lists heat of
combustion data for some simple cycloalkanes and compares these with the increase per CH; unit for long chain alkanes.

Cycloalkane CH, Units AH? AH? Ring Strain
(CHy), n kcal/mole per CH, Unit kcal/mole
Cyclopropane n=3 468.7 156.2 27.6
Cyclobutane n=4 614.3 153.6 26.4
Cyclopentane n=>5 741.5 148.3 6.5
Cyclohexane n==6 882.1 147.0 0.0
Cycloheptane n=7 1035.4 147.9 6.3
Cyclooctane n=38 1186.0 148.2 9.6
Cyclononane n=9 1335.0 148.3 11.7
Cyclodecane n=10 1481 148.1 11.0
CH;(CH,),,CH; m = large = 147.0 0.0

The chief source of ring strain in smaller rings is angle strain and eclipsing strain. As noted elsewhere, cyclopropane and
cyclobutane have large contributions of both strains, with angle strain being especially severe. Changes in chemical reactivity as a
consequence of angle strain are dramatic in the case of cyclopropane, and are also evident for cyclobutane. Some examples are
shown in the following diagram. The cyclopropane reactions are additions, many of which are initiated by electrophilic attack. The
pyrolytic conversion of (-pinene to myrcene probably takes place by an initial rupture of the 1:6 bond, giving an allylic 3°-
diradical, followed immediately by breaking of the 5:7 bond.

Organic Chemistry With a Biological Emphasis by Tim Soderberg (University of Minnesota, Morris)

o William Reusch, Professor Emeritus (Michigan State U.), Virtual Textbook of Organic Chemistry
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4.14: Lipids—Part 1

Waxes

Waxes are esters of fatty acids with long chain monohydric alcohols (one hydroxyl group). Natural waxes are often mixtures of
such esters, and may also contain hydrocarbons. The formulas for three well known waxes are given below, with the carboxylic
acid moiety colored red and the alcohol colored blue.

spermaceti beeswax carnuba wax
CH3(CH)14CO>- CH3(CH3)24CO2- CH3(CHy)30CO>-
(CHy)15CH3 (CHy)29CHj (CH,)33CH3

Waxes are widely distributed in nature. The leaves and fruits of many plants have waxy coatings, which may protect them from
dehydration and small predators. The feathers of birds and the fur of some animals have similar coatings which serve as a water
repellent. Carnuba wax is valued for its toughness and water resistance.

Prostaglandins Thromboxanes & Leukotrienes

The members of this group of structurally related natural hormones have an extraordinary range of biological effects. They can
lower gastric secretions, stimulate uterine contractions, lower blood pressure, influence blood clotting and induce asthma-like
allergic responses. Because their genesis in body tissues is tied to the metabolism of the essential fatty acid arachadonic acid
(5,8,11,14-eicosatetraenoic acid) they are classified as eicosaneids. Many properties of the common drug aspirin result from its
effect on the cascade of reactions associated with these hormones.

The metabolic pathways by which arachidonic acid is converted to the various eicosanoids are complex and will not be discussed
here. A rough outline of some of the transformations that take place is provided below. It is helpful to view arachadonic acid in the
coiled conformation shown in the shaded box.

o]
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204 leukotriens A
cyclooxygenase HOAC
2
e =
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Leukotriene A is a precursor to other leukotriene derivatives by epoxide opening reactions. The prostaglandins are given systematic
names that reflect their structure. The initially formed peroxide PGH, is a common intermediate to other prostaglandins, as well as
thromboxanes such as TXA,. To see a model of prostaglandin PGE, Click Here.

Steroids

The important class of lipids called steroids are actually metabolic derivatives of terpenes, but they are
customarily treated as a separate group. Steroids may be recognized by their tetracyclic skeleton, consisting of
three fused six-membered and one five-membered ring, as shown in the diagram to the right. The four rings are
designated A, B, C & D as noted, and the peculiar numbering of the ring carbon atoms (shown in red) is the

The Steroid
result of an earlier misassignment of the structure. The substituents designated by R are often alkyl groups, but  carbon skeleton

may also have functionality. The R group at the A:B ring fusion is most commonly methyl or hydrogen, that at the C:D fusion is
usually methyl. The substituent at C-17 varies considerably, and is usually larger than methyl if it is not a functional group. The
most common locations of functional groups are C-3, C-4, C-7, C-11, C-12 & C-17. Ring A is sometimes aromatic. Since a number
of tetracyclic triterpenes also have this tetracyclic structure, it cannot be considered a unique identifier.
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Steroids are widely distributed in animals, where they are associated with a number of physiological processes. Examples of some
important steroids are shown in the following diagram. Different kinds of steroids will be displayed by clicking the "Toggle
Structures" button under the diagram. Norethindrone is a synthetic steroid, all the other examples occur naturally. A common
strategy in pharmaceutical chemistry is to take a natural compound, having certain desired biological properties together with
undesired side effects, and to modify its structure to enhance the desired characteristics and diminish the undesired. This is
sometimes accomplished by trial and error.

The generic steroid structure drawn above has seven chiral stereocenters (carbons 5, 8, 9, 10, 13, 14 & 17), which means that it
may have as many as 128 stereoisomers. With the exception of C-5, natural steroids generally have a single common configuration.
This is shown in the last of the toggled displays, along with the preferred conformations of the rings.

HxzC, HaC.

HE oy
CHz CozH
CHz
chalesteral o . chalic acid
HO [a common steral) HO OH (= bile acid)

Typical &nirnal Steroids

Toggle Structures

Chemical studies of the steroids were very important to our present understanding of the configurations and conformations of six-
membered rings. Substituent groups at different sites on the tetracyclic skeleton will have axial or equatorial orientations that are
fixed because of the rigid structure of the trans-fused rings. This fixed orientation influences chemical reactivity, largely due to the
greater steric hindrance of axial groups versus their equatorial isomers. Thus an equatorial hydroxyl group is esterified more
rapidly than its axial isomer.

To see a model of the steroid cholesterol Click Here

Contributors

¢ William Reusch, Professor Emeritus (Michigan State U.), Virtual Textbook of Organic Chemistry
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4.15: Conformations of Acyclic Alkanes—Ethane

Conformational isomerism involves rotation about sigma bonds, and does not involve any differences in the connectivity or
geometry of bonding. Two or more structures that are categorized as conformational isomers, or conformers, are really just two of
the exact same molecule that differ only in terms of the angle about one or more sigma bonds.

Ethane Conformations

Although there are seven sigma bonds in the ethane molecule, rotation about the six carbon-hydrogen bonds does not result in any
change in the shape of the molecule because the hydrogen atoms are essentially spherical. Rotation about the carbon-carbon bond,
however, results in many different possible molecular conformations.

rotating bond

In order to better visualize these different conformations, it is convenient to use a drawing convention called the Newman
projection. In a Newman projection, we look lengthwise down a specific bond of interest — in this case, the carbon-carbon bond in
ethane. We depict the ‘front’ atom as a dot, and the ‘back’ atom as a larger circle.

H
H H H H
\ = looking down the
H" IC _C\‘ H <ot ¢ carbon-carbon bond H
H H H
H

'staggered' conformation
(Newman projection)

The six carbon-hydrogen bonds are shown as solid lines protruding from the two carbons at 120°angles, which is what the actual
tetrahedral geometry looks like when viewed from this perspective and flattened into two dimensions.

The lowest energy conformation of ethane, shown in the figure above, is called the ‘staggered’ conformation, in which all of the C-
H bonds on the front carbon are positioned at dihedral angles of 60°relative to the C-H bonds on the back carbon. In this
conformation, the distance between the bonds (and the electrons in them) is maximized.

If we now rotate the front CH3z group 60°clockwise, the molecule is in the highest energy ‘eclipsed’ conformation, where the
hydrogens on the front carbon are as close as possible to the hydrogens on the back carbon.

‘eclipsed' conformation

This is the highest energy conformation because of unfavorable interactions between the electrons in the front and back C-H bonds.
The energy of the eclipsed conformation is approximately 3 kcal/mol higher than that of the staggered conformation.

Another 60°rotation returns the molecule to a second eclipsed conformation. This process can be continued all around the
360°circle, with three possible eclipsed conformations and three staggered conformations, in addition to an infinite number of
variations in between.

The carbon-carbon bond is not completely free to rotate — there is indeed a small, 3 kcal/mol barrier to rotation that must be
overcome for the bond to rotate from one staggered conformation to another. This rotational barrier is not high enough to prevent
constant rotation except at extremely cold temperatures. However, at any given moment the molecule is more likely to be in a
staggered conformation - one of the rotational ‘energy valleys’ - than in any other state.

The potential energy associated with the various conformations of ethane varies with the dihedral angle of the bonds, as shown
below.
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Although the conformers of ethane are in rapid equilibrium with each other, the 3 kcal/mol energy difference leads to a substantial
preponderance of staggered conformers (> 99.9%) at any given time.

The animation below illustrates the relationship between ethane's potential energy and its dihedral angle

34
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5.1: Starch and Cellulose

The polysaccharides are the most abundant carbohydrates in nature and serve a variety of functions, such as energy storage or as
components of plant cell walls. Polysaccharides are very large polymers composed of tens to thousands of monosaccharides joined
together by glycosidic linkages. The three most abundant polysaccharides are starch, glycogen, and cellulose. These three are
referred to as homopolymers because each yields only one type of monosaccharide (glucose) after complete hydrolysis.
Heteropolymers may contain sugar acids, amino sugars, or noncarbohydrate substances in addition to monosaccharides.
Heteropolymers are common in nature (gums, pectins, and other substances) but will not be discussed further in this textbook. The
polysaccharides are nonreducing carbohydrates, are not sweet tasting, and do not undergo mutarotation.

Starch

Starch is the most important source of carbohydrates in the human diet and accounts for more than 50% of our carbohydrate intake.
It occurs in plants in the form of granules, and these are particularly abundant in seeds (especially the cereal grains) and tubers,
where they serve as a storage form of carbohydrates. The breakdown of starch to glucose nourishes the plant during periods of
reduced photosynthetic activity. We often think of potatoes as a “starchy” food, yet other plants contain a much greater percentage
of starch (potatoes 15%, wheat 55%, corn 65%, and rice 75%). Commercial starch is a white powder.

Starch is a mixture of two polymers: amylose and amylopectin. Natural starches consist of about 10%—-30% amylase and 70%-90%
amylopectin. Amylose is a linear polysaccharide composed entirely of D-glucose units joined by the «-1,4-glycosidic linkages we
saw in maltose (part (a) of Figure 5.1.1). Experimental evidence indicates that amylose is not a straight chain of glucose units but
instead is coiled like a spring, with six glucose monomers per turn (part (b) of Figure 5.1.1). When coiled in this fashion, amylose
has just enough room in its core to accommodate an iodine molecule. The characteristic blue-violet color that appears when starch
is treated with iodine is due to the formation of the amylose-iodine complex. This color test is sensitive enough to detect even
minute amounts of starch in solution.

a-14-linkage
CH,0H CH,OH CH,OH CH,OH
0, )—o\ 0, 0
etc. etc.
OAOH | S0H  NCAOH ) S\OH /
0 O/\A_( 0 o’ o
(a) OH OH OH OH

Figure 5.1.1: Amylose. (a) Amylose is a linear chain of a-D-glucose units joined together by a-1,4-glycosidic bonds. (b) Because of
hydrogen bonding, amylose acquires a spiral structure that contains six glucose units per turn.

Amylopectin is a branched-chain polysaccharide composed of glucose units linked primarily by a-1,4-glycosidic bonds but with

occasional a-1,6-glycosidic bonds, which are responsible for the branching. A molecule of amylopectin may contain many
thousands of glucose units with branch points occurring about every 25-30 units (Figure 5.1.2). The helical structure of
amylopectin is disrupted by the branching of the chain, so instead of the deep blue-violet color amylose gives with iodine,
amylopectin produces a less intense reddish brown.
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x-1,6 linkage

CH,0H CH,OH CH,OH CH,OH CH,OH CH,PH CH,0H

BEBLEBHE8884

Figure 5.1.2: Representation of the Branching in Amylopectin and Glycogen. Both amylopectin and glycogen contain branch
points that are linked through a-1,6-linkages. These branch points occur more often in glycogen.

Dextrins are glucose polysaccharides of intermediate size. The shine and stiffness imparted to clothing by starch are due to the
presence of dextrins formed when clothing is ironed. Because of their characteristic stickiness with wetting, dextrins are used as
adhesives on stamps, envelopes, and labels; as binders to hold pills and tablets together; and as pastes. Dextrins are more easily
digested than starch and are therefore used extensively in the commercial preparation of infant foods.

The complete hydrolysis of starch yields, in successive stages, glucose:
starch — dextrins — maltose — glucose

In the human body, several enzymes known collectively as amylases degrade starch sequentially into usable glucose units.

Glycogen
Glycogen is the energy reserve carbohydrate of animals. Practically all mammalian cells contain some stored carbohydrates in the
form of glycogen, but it is especially abundant in the liver (4%—-8% by weight of tissue) and in skeletal muscle cells (0.5%—1.0%).

Like starch in plants, glycogen is found as granules in liver and muscle cells. When fasting, animals draw on these glycogen
reserves during the first day without food to obtain the glucose needed to maintain metabolic balance.

Note

About 70% of the total glycogen in the body is stored in muscle cells. Although the percentage of glycogen (by weight) is
higher in the liver, the much greater mass of skeletal muscle stores a greater total amount of glycogen.

Glycogen is structurally quite similar to amylopectin, although glycogen is more highly branched (8-12 glucose units between
branches) and the branches are shorter. When treated with iodine, glycogen gives a reddish brown color. Glycogen can be broken
down into its D-glucose subunits by acid hydrolysis or by the same enzymes that catalyze the breakdown of starch. In animals, the
enzyme phosphorylase catalyzes the breakdown of glycogen to phosphate esters of glucose.

Cellulose

Cellulose, a fibrous carbohydrate found in all plants, is the structural component of plant cell walls. Because the earth is covered
with vegetation, cellulose is the most abundant of all carbohydrates, accounting for over 50% of all the carbon found in the
vegetable kingdom. Cotton fibrils and filter paper are almost entirely cellulose (about 95%), wood is about 50% cellulose, and the
dry weight of leaves is about 10%—20% cellulose. The largest use of cellulose is in the manufacture of paper and paper products.
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Although the use of noncellulose synthetic fibers is increasing, rayon (made from cellulose) and cotton still account for over 70%
of textile production.

Like amylose, cellulose is a linear polymer of glucose. It differs, however, in that the glucose units are joined by B-1,4-glycosidic
linkages, producing a more extended structure than amylose (part (a) of Figure 5.1.3). This extreme linearity allows a great deal of
hydrogen bonding between OH groups on adjacent chains, causing them to pack closely into fibers (part (b) of Figure 5.1.3). As a
result, cellulose exhibits little interaction with water or any other solvent. Cotton and wood, for example, are completely insoluble

in water and have considerable mechanical strength. Because cellulose does not have a helical structure, it does not bind to iodine
to form a colored product.
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Figure 5.1.3: Cellulose. (a) There is extensive hydrogen bonding in the structure of cellulose. (b) In this electron micrograph of the
cell wall of an alga, the wall consists of successive layers of cellulose fibers in parallel arrangement.

Cellulose yields D-glucose after complete acid hydrolysis, yet humans are unable to metabolize cellulose as a source of glucose.
Our digestive juices lack enzymes that can hydrolyze the -glycosidic linkages found in cellulose, so although we can eat potatoes,
we cannot eat grass. However, certain microorganisms can digest cellulose because they make the enzyme cellulase, which
catalyzes the hydrolysis of cellulose. The presence of these microorganisms in the digestive tracts of herbivorous animals (such as
cows, horses, and sheep) allows these animals to degrade the cellulose from plant material into glucose for energy. Termites also

contain cellulase-secreting microorganisms and thus can subsist on a wood diet. This example once again demonstrates the extreme
stereospecificity of biochemical processes.

5.1: Starch and Cellulose is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by LibreTexts.
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5.2: The Two Major Classes of Isomers

Isomers are different compounds that have the same molecular formula. When the group of atoms that make up the molecules of
different isomers are bonded together in fundamentally different ways, we refer to such compounds as constitutional isomers. For
example, in the case of the C4Hghydrocarbons, most of the isomers are constitutional. Shorthand structures for four of these
isomers are shown below with their TUPAC names.

] >— P =

cyelobutane methyleyelopropane 1-butene 2-methylpropens

Note that the twelve atoms that make up these isomers are bonded in very different ways. As is true for all constitutional isomers,
each different compound has a different [UPAC name. Furthermore, the molecular formula provides information about some of the
structural features that must be present in the isomers. Since the formula C4Hg has two fewer hydrogens than the four-carbon
alkane butane (C4Hjig), all the isomers having this composition must incorporate either a ring or a double bond. A fifth possible
isomer of formula C4Hg is CH3CH=CHCH3;. This would be named 2-butene according to the IUPAC rules; however, a close
inspection of this molecule indicates it has two possible structures. These isomers may be isolated as distinct compounds, having
characteristic and different properties. They are shown here with the designations cis and trans.

H H H.  CHs
PO =
H 3C CH 3 H 3C H
cis-2-butene trans-2-butene

The bonding patterns of the atoms in these two isomers are essentially equivalent, the only difference being the relative
configuration of the two methyl groups and the two associated hydrogen atoms about the double bond. In the cis isomer the methyl
groups are on the same side; whereas they are on opposite sides in the trans isomer. Isomers that differ only in the spatial
orientation of their component atoms are called stereoisomers. Stereoisomers always require that an additional nomenclature prefix
be added to the IUPAC name in order to indicate their spatial orientation.

Stereoisomers are also observed in certain disubstituted (and higher substituted) cyclic compounds. Unlike the relatively flat
molecules of alkenes, substituted cycloalkanes must be viewed as three-dimensional configurations in order to appreciate the
spatial orientations of the substituents. By agreement, chemists use heavy, wedge-shaped bonds to indicate a substituent located
above the average plane of the ring, and a hatched line for bonds to atoms or groups located below the ring. As in the case of the 2-
butene stereoisomers, disubstituted cycloalkane stereoisomers may be designated by nomenclature prefixes such as cis and trans.
The stereoisomeric 1,2-dibromocyclopentanes below are an example.

H

/Br Er
= cis-1,2-dibromocyclopentane
=hal=1g H

H H
g er b B
C = Eé( trans-1,2-dibromocyclopentane
oy H
H Br

In general, if any two sp3 carbons in a ring have two different substituent groups (not counting other ring atoms) stereoisomerism is
possible. This is similar to the substitution pattern that gives rise to stereoisomers in alkenes; indeed, one might view a double bond

as a two-membered ring. Four other examples of this kind of stereoisomerism in cyclic compounds are shown below.
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2 CHj
CH,
2 1
3
HaC HC™ ™
N CH
Br 3
cis-1,3-dimethylcyclobutane trans-5-bromo-1,4,6-trimethyl-1,3-cycloheptadiene
CHj
CHj
. 2
c'4 cl
3
trans-2,4-dichloro-1,1-dimethylcyclohexane cis-3,5-divinylcyclopentene

If more than two ring carbons have different substituents (not counting other ring atoms) the stereochemical notation distinguishing
the various isomers becomes more complex. However, we can always state the relationship of any two substituents using cis or
trans. For example, in the trisubstitutued cyclohexane below, we can say that the methyl group is cis to the ethyl group, and trans to
the chlorine. We can also say that the ethyl group is trans to the chlorine. We cannot, however, designate the entire molecule as a
cis or trans isomer.

CHj

K

cl CH,CHj
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5.3: Looking Glass Chemistry—Chiral and Achiral Molecules

Stereoisomers are isomers that differ in spatial arrangement of atoms, rather than order of atomic connectivity. One of their most
interesting type of isomer is the mirror-image stereoisomers, a non-superimposable set of two molecules that are mirror image of
one another. The existance of these molecules are determined by concept known as chirality. The word "chiral" was derived from
the Greek word for hand, because our hands display a good example of chirality since they are non-superimposable mirror images
of each other.

Introduction

The opposite of chiral is achiral. Achiral objects are superimposable with their mirror images. For example, two pieces of paper
are achiral. In contrast, chiral molecules, like our hands, are non superimposable mirror images of each other.

Try to line up your left hand perfectly with your right hand, so that the palms are both facing in the same directions. Spend about a
minute doing this. Do you see that they cannot line up exactly? The same thing applies to some molecules

A Chiral molecule has a mirror image that cannot line up with it perfectly- the mirror images are non superimposable. The mirror
images are called enantiomers.

But why are chiral molecules so interesting? A chiral molecule and its enantiomer have the same chemical and physical
properties(boiling point, melting point,polarity, density etc...). It turns out that many of our biological molecules such as our DNA,
amino acids and sugars, are chiral molecules.

It is pretty interesting that our hands seem to serve the same purpose but most people are only able to use one of their hands to
write. Similarily this is true with chiral biological molecules and interactions. Just like your left hand will not fit properly in your
right glove, one of the enantiomers of a molecule may not work the same way in your body.

This must mean that enantiomers have properties that make them unique to their mirror images. One of these properties is that they
cannot have a plane of symmetry or an internal mirror plane. So, a chiral molecule cannot be divided in two mirror image halves.
Another property of chiral molecules is optical activity.

Organic compounds, molecules created around a chain of carbon atom (more commonly known as carbon backbone), play an
essential role in the chemistry of life. These molecules derive their importance from the energy they carry, mainly in a form of
potential energy between atomic molecules. Since such potential force can be widely affected due to changes in atomic placement,
it is important to understand the concept of an isomer, a molecule sharing same atomic make up as another but differing in
structural arrangements. This article will be devoted to a specific isomers called stereoisomers and its property of chirality (Figure
1).

Figure 1. Two enantiomers of a tetrahedral complex.

The concepts of steroisomerism and chirality command great deal of importance in modern organic chemistry, as these ideas helps
to understand the physical and theoretical reasons behind the formation and structures of numerous organic molecules, the main
reason behind the energy embedded in these essential chemicals. In contrast to more well-known constitutional isomerism, which
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develops isotopic compounds simply by different atomic connectivity, stereoisomerism generally maintains equal atomic
connections and orders of building blocks as well as having same numbers of atoms and types of elements.

What, then, makes stereoisomers so unique? To answer this question, the learner must be able to think and imagine in not just two-
dimensional images, but also three-dimensional space. This is due to the fact that stereoisomers are isomers because their atoms are
different from others in terms of spatial arrangement.

Spatial Arrangement

First and foremost, one must understand the concept of spatial arrangement in order to understand stereocisomerism and chirality.
Spatial arrangement of atoms concern how different atomic particles and molecules are situated about in the space around the
organic compound, namely its carbon chain. In this sense, spatial arrangement of an organic molecule are different another if an
atom is shifted in any three-dimensional direction by even one degree. This opens up a very broad possibility of different
molecules, each with their unique placement of atoms in three-dimensional space .

Stereoisomers

Stereoisomers are, as mentioned above, contain different types of isomers within itself, each with distinct characteristics that
further separate each other as different chemical entities having different properties. Type called entaniomer are the previously-
mentioned mirror-image stereoisomers, and will be explained in detail in this article. Another type, diastereomer, has different
properties and will be introduced afterwards.

Enantiomers

This type of stereoisomer is the essential mirror-image, non-superimposable type of stereoisomer introduced in the beginning of the
article. Figure 3 provides a perfect example; note that the gray plane in the middle demotes the mirror plane.

Figure 3.

| |
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Note that even if one were to flip over the left molecule over to the right, the atomic spatial arrangement will not be equal. This is
equivalent to the left hand - right hand relationship, and is aptly referred to as 'handedness' in molecules. This can be somewhat
counter-intuitive, so this article recommends the reader try the 'hand' example. Place both palm facing up, and hands next to each
other. Now flip either side over to the other. One hand should be showing the back of the hand, while the other one is showing the
palm. They are not same and non-superimposable.

This is where the concept of chirality comes in as one of the most essential and defining idea of stereoisomerism.

Chirality

Chirality essentially means 'mirror-image, non-superimposable molecules', and to say that a molecule is chiral is to say that its
mirror image (it must have one) is not the same as it self. Whether a molecule is chiral or achiral depends upon a certain set of
overlapping conditions. Figure 1 shows an example of two molecules, chiral and achiral, respectively. Notice the distinct
characteristic of the achiral molecule: it possesses two atoms of same element. In theory and reality, if one were to create a plane
that runs through the other two atoms, they will be able to create what is known as bisecting plane: The images on either side of the
plan is the same as the other (Figure 4).
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Figure 4.

In this case, the molecule is considered 'achiral’. In other words, to distinguish chiral molecule from an achiral molecule, one must
search for the existence of the bisecting plane in a molecule. All chiral molecules are deprive of bisecting plane, whether simple or
complex.

As a universal rule, no molecule with different surrounding atoms are achiral. Chirality is a simple but essential idea to support the
concept of stereoisomerism, being used to explain one type of its kind. The chemical properties of the chiral molecule differs from
its mirror image, and in this lies the significance of chilarity in relation to modern organic chemistry.
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5.4: Stereogenic Centers

A consideration of the chirality of molecular configurations explains the curious stereoisomerism observed for lactic acid, carvone
and a multitude of other organic compounds. Tetravalent carbons have a tetrahedral configuration. If all four substituent groups are
the same, as in methane or tetrachloromethane, the configuration is that of a highly symmetric "regular tetrahedron". A regular
tetrahedron several planes of symmetry and is achiral.

A carbon atom that is bonded to four different atoms or groups loses all symmetry, and is often referred to as an asymmetric
carbon. The configuration of such a molecular unit is chiral, and the structure may exist in either a right-handed configuration or a
left-handed configuration (one the mirror image of the other). This type of configurational stereoisomerism is termed
enantiomorphism, and the non-identical, mirror-image pair of stereoisomers that result are called enantiomers. In the general figure
below, A and B are nonsuperposable mirror images of one another, and thus are a pair of enantiomers.

v
«“-C : .
Re“SR, | RARe
R | RSN
A B

The structural formulas of lactic acid and carvone are drawn on the right with the asymmetric carbon colored red. Consequently,
we find that these compounds exist as pairs of enantiomers. The presence of a single asymmetrically substituted carbon atom in a
molecule is sufficient to render the whole configuration chiral, and modern terminology refers to such groupings as chiral centers.
Most of the chiral centers we shall discuss are asymmetric carbon atoms, but it should be recognized that other tetrahedral or
pyramidal atoms may become chiral centers if appropriately substituted. When more than one chiral center is present in a molecular
structure, care must be taken to analyze their relationship before concluding that a specific molecular configuration is chiral or
achiral. This aspect of stereoisomerism will be treated later.

A useful first step in examining structural formulas to determine whether stereoisomers may exist is to identify all stereogenic
elements. A stereogenic element is a center, axis or plane that is a focus of stereoisomerism, such that an interchange of two groups
attached to this feature leads to a stereoisomer. Stereogenic elements may be chiral or achiral. An asymmetric carbon is often a
chiral stereogenic center, since interchanging any two substituent groups converts one enantiomer to the other. Alkenes having two
different groups on each double bond carbon constitute an achiral stereogenic element, since interchanging substituents at one of
the carbons changes the cis/trans configuration of the double bond.

Some of the structures in the figure above are chiral and some are achiral. First, try to identify all chiral stereogenic centers.
Formulas having no chiral centers are necessarily achiral. Formulas having one chiral center are always chiral; and if two or more
chiral centers are present in a given structure it is likely to be chiral, but in special cases, to be discussed later, may be achiral.

Structures F and G are achiral. The former has a plane of symmetry passing through the chlorine atom and bisecting the opposite
carbon-carbon bond. The similar structure of compound E does not have such a symmetry plane, and the carbon bonded to the
chlorine is a chiral center (the two ring segments connecting this carbon are not identical). Structure G is essentially flat. All the
carbons except that of the methyl group are sp? hybridized, and therefore trigonal-planar in configuration. Compounds C, D & H
have more than one chiral center, and are also chiral. Remember, all chiral structures may exist as a pair of enantiomers. Other
configurational stereoisomers are possible if more than one stereogenic center is present in a structure.

In the 1960’s, a drug called thalidomide was widely prescribed in the Western Europe to alleviate morning sickness in pregnant
women.

thalidomide

Thalidomide had previously been used in other countries as an antidepressant, and was believed to be safe and effective for both
purposes. The drug was not approved for use in the U.S.A. It was not long, however, before doctors realized that something had
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gone horribly wrong: many babies born to women who had taken thalidomide during pregnancy suffered from severe birth defects.

Researchers later realized the that problem lay in the fact that thalidomide was being provided as a mixture of two different
isomeric forms.

effective isomer mutagenic isomer

O O H 9 o H
H N
3 o N o
o)

stereocenter

One of the isomers is an effective medication, the other caused the side effects. Both isomeric forms have the same molecular
formula and the same atom-to-atom connectivity, so they are not constitutional isomers. Where they differ is in the arrangement in
three-dimensional space about one tetrahedral, sp3-hybridized carbon. These two forms of thalidomide are stereoisomers.

Note that the carbon in question has four different substituents (two of these just happen to be connected by a ring structure).
Tetrahedral carbons with four different substituent groups are called stereocenters.

Example 1
Exercise 3.5: Locate all of the carbon stereocenters in the molecules below.
OH HO
o ©
O ) (0) ] (o)
HsC  OH R Hal
°® OH o} o]
. (0]
mevalonate serine threonine

0} <)
H\NJ\N/H O)\N °

0

HO I e a0 H O

\)Q‘/\O |:I> O w 2 s
OH o°

S
2-methylerythritol-4-phosphate biotin

Solution

Looking at the structures of what we are referring to as the two isomers of thalidomide, you may not be entirely convinced that they
are actually two different molecules. In order to convince ourselves that they are indeed different, let’s create a generalized picture
of a tetrahedral carbon stereocenter, with the four substituents designated R;-R,. The two stereoisomers of our simplified model

look like this:
o
v
wCo C-
R/SR, | R ARs
Ry 2| R Rs
A B

If you look carefully at the figure above, you will notice that molecule A and molecule B are mirror images of each other (the line
labeled 's' represents a mirror plane). Furthermore, they are not superimposable: if we pick up molecule A, flip it around, and place
it next to molecule B, we see that the two structures cannot be superimposed on each other. They are different molecules!

vooR
Co Co
RZ/ \R4R3 R2/ \R?’R4
A B
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If you make models of the two stereoisomers of thalidomide and do the same thing, you will see that they too are mirror images,
and cannot be superimposed (it well help to look at a color version of the figure below).

H o}
/2

R»,N Rg\ JH R

Ry N""CL)—O C=N Ry
A\_R{

Thalidomide is a chiral molecule. Something is considered to be chiral if it cannot be superimposed on its own mirror image — in
other words, if it is asymmetric (lacking in symmetry). The term ‘chiral’ is derived from the Greek word for ‘handedness’ — ie.
right-handedness or left-handedness. Your hands are chiral: your right hand is a mirror image of your left hand, but if you place one
hand on top of the other, both palms down, you see that they are not superimposable.

A pair of stereoisomers that are non-superimposable mirror images of one another are considered to have a specific type of
stereoisomeric relationship — they are a pair of enantiomers. Thalidomide exists as a pair of enantiomers. On the macro level, your
left and right hands are also a pair of enantiomers.

Here are some more examples of chiral molecules that exist as pairs of enantiomers. In each of these examples, there is a single
stereocenter, indicated with an arrow. (Many molecules have more than one stereocenter, but we will get to that that a little later!)

H_oH HO H cH3 3C H
W o
H3N H3N

O
glyceraldehyde alanine

HO H H OH ﬂ
S 2 o
(o) p 0 >
HsC H HsC H aNe
(6] e} 3

lactate amphetamine

I

&
®Z, ——
T

Here are some examples of molecules that are achiral (not chiral). Notice that none of these molecules has a stereocenter.

E)
Q HO, f£O02
CHj
o 2]
OH OH CO, CO,
dihydroxyacetone citrate pyridoxine
(vitamin Bg)
(@] H H
e £ <] HO
(0] @ o
H3C HaN ®
0 o) HO NH5
pyruvate glycine dopamine
(amino acid) (neurotransmitter)

It is difficult to illustrate on the two dimensional page, but you will see if you build models of these achiral molecules that, in each
case, there is at least one plane of symmetry, where one side of the plane is the mirror image of the other. Chirality is tied
conceptually to the idea of asymmetry, and any molecule that has a plane of symmetry cannot be chiral. When looking for a plane
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of symmetry, however, we must consider all possible conformations that a molecule could adopt. Even a very simple molecule like
ethane, for example, is asymmetric in many of its countless potential conformations — but it has obvious symmetry in both the
eclipsed and staggered conformations, and for this reason it is achiral.

Looking for planes of symmetry in a molecule is useful, but often difficult in practice. In most cases, the easiest way to decide
whether a molecule is chiral or achiral is to look for one or more stereocenters - with a few rare exceptions (see section 3.7B), the
general rule is that molecules with at least one stereocenter are chiral, and molecules with no stereocenters are achiral. Carbon
stereocenters are also referred to quite frequently as chiral carbons.

When evaluating a molecule for chirality, it is important to recognize that the question of whether or not the dashed/solid wedge
drawing convention is used is irrelevant. Chiral molecules are sometimes drawn without using wedges (although obviously this
means that stereochemical information is being omitted). Conversely, wedges may be used on carbons that are not stereocenters —
look, for example, at the drawings of glycine and citrate in the figure above. Just because you see dashed and solid wedges in a
structure, do not automatically assume that you are looking at a stereocenter.

Other elements in addition to carbon can be stereocenters. The phosphorus center of phosphate ion and organic phosphate esters,
for example, is tetrahedral, and thus is potentially a stereocenter.

o 80
i N .u
S 18y e
0 g 0’4 “oRrR R10" { ~oRr
17 3

Ele) 708 R,0
phosphate labeled phosphate ester a chiral phosphate triester
(achiral) (chiral)

We will see in chapter 10 how researchers, in order to investigate the stereochemistry of reactions at the phosphate center,
incorporated sulfur and/or 70 and '80 isotopes of oxygen (the ‘normal’ isotope is '®0) to create chiral phosphate groups.
Phosphate triesters are chiral if the three substituent groups are different.

Asymmetric quaternary ammonium groups are also chiral. Amines, however, are not chiral, because they rapidly invert, or turn
‘inside out’, at room temperature.

R,
/ R3 ' ‘ N ~ R1
@ N - CH 3
B the rapid inversion of
—C H3 amines makes them achiral
a chiral quaternary ammonium
N
R34 "Ry
Ro

Example 2

Exercise 3.6: Label the molecules below as chiral or achiral, and locate all stereocenters.

O,
a) Q & b) HO °
@o @o
(6] (0]

fumarate malate
(a citric acid cycle intermediate) (a citric acid cycle intermediate)

c) 0 OH d O OH & 'I'
Y JY
@I 5/ CHs HO °

acetaminophen

i acetylsalicylic acid
Lol Y Y (active ingredient in Tylenol)

(aspirin)

Solution
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5.5: Stereogenic Centers in Cyclic Compounds

The thalidomide that was used in the 1960s to treat depression and morning sickness was sold as a 50:50 mixture of both the R and
the S enantiomer — this is referred to as a racemic mixture. A 'squiggly' bond in a chemical structure indicates a racemic mixture -
thus racemic (R/S) thalidomide would be drawn as:

0]

mixture of both R and S
configurations at this stereocenter

The problem with racemic thalidomide, as we know, was that only the R enantiomer was an effective medicine, while the S
enantiomer caused mutations in the developing fetus. How does such a seemingly trivial structural variation lead to such a dramatic
(and in this case, tragic) difference in biological activity? Virtually all drugs work by interacting in some way with important
proteins in our cells: they may bind to pain receptor proteins to block the transmission of pain signals, for instance, or clog up the
active site of an enzyme that is involved in the synthesis of cholesterol. Proteins are chiral molecules, and are very sensitive to
stereochemistry: just as a right-handed glove won't fit on your left hand, a protein that is able to bind tightly to (R)-thalidomide may
not bind well at all to (S)-thalidomide (it will help to view a color version of the figure below).

en@ | @enz en@ | @cnz
@9 @ e

a protein that binds specifically may not bind well at all to a
to a chiral molecule . . . different stereoisomer!

Instead, it seems that (S)-thalidomide interacts somehow with a protein involved in the development of a growing fetus, eventually
causing the observed birth defects.

The over-the-counter painkiller ibuprofen is currently sold as a racemic mixture, but only the S enantiomer is effective.

CHa HyG H

racemic ibuprofin (S)-ibuprofin
(active enantiomer)

Fortunately, the R enantiomer does not produce any dangerous side effects, although its presence does seem to increase the amount
of time that it takes for (S)-ibuprofen to take effect.

You can, with the assistance your instructor, directly experience the biological importance of stereoisomerism. Carvone is a chiral,
plant-derived molecule that smells like spearmint in the R form and caraway (a spice) in the S form.

O (©)

(R)-carvone (S)-carvone
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The two enantiomers interact differently with smell receptor proteins in your nose, generating the transmission of different
chemical signals to the olfactory center of your brain.

Organic Chemistry With a Biological Emphasis by Tim Soderberg (University of Minnesota, Morris) Template:Hide TOC
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5.6: Labeling Stereogenic Centers with R or S

To name the enantiomers of a compound unambiguously, their names must include the "handedness" of the molecule. The method
for this is formally known as R/S nomenclature.

Introduction

The method of unambiguously assigning the handedness of molecules was originated by three chemists: R.S. Cahn, C. Ingold, and
V. Prelog and, as such, is also often called the Cahn-Ingold-Prelog rules. In addition to the Cahn-Ingold system, there are two ways
of experimentally determining the absolute configuration of an enantiomer:

1. X-ray diffraction analysis. Note that there is no correlation between the sign of rotation and the structure of a particular
enantiomer.
2. Chemical correlation with a molecule whose structure has already been determined via X-ray diffraction.

However, for non-laboratory purposes, it is beneficial to focus on the R/S system. The sign of optical rotation, although different
for the two enantiomers of a chiral molecule,at the same temperature, cannet be used to establish the absolute configuration of an
enantiomer; this is because the sign of optical rotation for a particular enantiomer may change when the temperature changes.

Stereocenters are labeled R or S

The "right hand" and "left hand" nomenclature is used to name the enantiomers of a chiral compound. The stereocenters are labeled
asRorS.

Consider the first picture: a curved arrow is drawn from the highest priority (1) substituent to the lowest priority (4) substituent. If
the arrow points in a counterclockwise direction (left when leaving the 12 o' clock position), the configuration at stereocenter is
considered S ("Sinister" — Latin= "left"). If, however, the arrow points clockwise,(Right when leaving the 12 o' clock position)
then the stereocenter is labeled R ("Rectus" — Latin= "right").

The R or S is then added as a prefix, in parenthesis, to the name of the enantiomer of interest.

Example 1

(R)-2-Bromobutane
(S)-2,3- Dihydroxypropanal

Sequence rules to assign priorities to substituents

Before applying the R and S nomenclature to a stereocenter, the substituents must be prioritized according to the following rules:

Rule 1

First, examine at the atoms directly attached to the stereocenter of the compound. A substituent with a higher atomic number takes
precedence over a substituent with a lower atomic number. Hydrogen is the lowest possible priority substituent, because it has the
lowest atomic number.

1. When dealing with isotopes, the atom with the higher atomic mass receives higher priority.

2. When visualizing the molecule, the lowest priority substituent should always point away from the viewer (a dashed line
indicates this). To understand how this works or looks, imagine that a clock and a pole. Attach the pole to the back of the clock,
so that when when looking at the face of the clock the pole points away from the viewer in the same way the lowest priority
substituent should point away.

3. Then, draw an arrow from the highest priority atom to the 2nd highest priority atom to the 3rd highest priority atom. Because
the 4th highest priority atom is placed in the back, the arrow should appear like it is going across the face of a clock. If it is
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going clockwise, then it is an R-enantiomer; If it is going counterclockwise, it is an S-enantiomer.

When looking at a problem with wedges and dashes, if the lowest priority atom is not on the dashed line pointing away, the
molecule must be rotated.

Remember that
e Wedges indicate coming towards the viewer.
e Dashes indicate pointing away from the viewer.

Rule 2

If there are two substituents with equal rank, proceed along the two substituent chains until there is a point of difference. First,

determine which of the chains has the first connection to an atom with the highest priority (the highest atomic number). That chain
has the higher priority.

If the chains are similar, proceed down the chain, until a point of difference.

For example: an ethyl substituent takes priority over a methyl substituent. At the connectivity of the stereocenter, both have a
carbon atom, which are equal in rank. Going down the chains, a methyl has only has hydrogen atoms attached to it, whereas the

ethyl has another carbon atom. The carbon atom on the ethyl is the first point of difference and has a higher atomic number than
hydrogen; therefore the ethyl takes priority over the methyl.

Higher

Lower l‘I‘ T I.|'
SH-C- ) 4-C-c-

H HoH

The “H-” (left) ranks lower than the “C-” (right)
based on the first point of difference and their
relative molecular weights

Rule 3

If a chain is connected to the same kind of atom twice or three times, check to see if the atom it is connected to has a greater atomic
number than any of the atoms that the competing chain is connected to.

o If none of the atoms connected to the competing chain(s) at the same point has a greater atomic number: the chain bonded to the
same atom multiple times has the greater priority

o If however, one of the atoms connected to the competing chain has a higher atomic number: that chain has the higher priority.

Example 2

A 1-methylethyl substituent takes precedence over an ethyl substituent. Connected to the first carbon atom, ethyl only has one other
carbon, whereas the 1-methylethyl has two carbon atoms attached to the first; this is the first point of difference. Therefore, 1-
methylethyl ranks higher in priority than ethyl, as shown below:

Lower Higher
|
HL—C—  HL—C—
Equal —

The “C-" (right) ranks higher than the “H-" (left) based on the first point of difference and their
relative molecular weights.

However:
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Lower

@ W
|

HL—C— HLC—C—

,\‘I'—Equal—-—"""" |

H H

In this case, even though the one on the right has 2 connections to an atom (C),it is the
lower priority.This is because one of the atoms on the left molecule(Br) ranks higher(it has
a bigger atomic number)than any of the atoms on the right.

Remember that being double or triple bonded to an atom means that the atom is connected to the same atom twice. In such a case,
follow the same method as above.

H H

-pnr_ ~~H I
H/C= C.<R — _ﬁ:_ﬁ_R

C C

¢ 6
—C=C—R — —c|— |‘:—R
C C

Caution!!

Keep in mind that priority is determined by the first point of difference along the two similar substituent chains. After the first point of

difference, the rest of the chain is irrelevant.
15t point of
/ difference —ﬂ
o
CICH5$_ CHg—C—

|
H H

When looking for the first point of difference on similar substituent chains, one may encounter branching. If there is branching, choose
the branch that is higher in priority. If the two substituents have similar branches, rank the elements within the branches until a point of

difference.
CH,CHs
—? CH 3 00— CH3

H

(IZHZCH3

—C-CH; O—H
! - \ 1% point of
H difference

After all your substituents have been prioritized in the correct manner, you can now name/label the molecule R or S.
1. Put the lowest priority substituent in the back (dashed line).

2. Proceed from 1 to 2 to 3. (it is helpful to draw or imagine an arcing arrow that goes from 1--> 2-->3)
3. Determine if the direction from 1 to 2 to 3 clockwise or counterclockwise.
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i) If it is clockwise it is R.
ii) if it is counterclockwise it is S.

USE YOUR MODELING KIT: Models assist in visualizing the structure. When using a model, make sure the lowest priority is
pointing away from you. Then determine the direction from the highest priority substituent to the lowest: clockwise (R) or

counterclockwise (S).

IF YOU DO NOT HAVE A MODELING KIT: remember that the dashes mean the bond is going into the screen and the wedges
means that bond is coming out of the screen. If the lowest priority bond is not pointing to the back, mentally rotate it so that it is.
However, it is very useful when learning organic chemistry to use models.

If you have a modeling kit use it to help you solve the following practice problems.

Problems
Are the following R or S?

I H
H |
L. .¢6 2, P
- P 1 CI/ \ CH3
I eN
3, . Cl 4, Lo
. H( \CHg H/ .\OH
) CH
I
C
P e
HOH C o
2
Solutions
1. S: I > Br > F > H. The lowest priority substituent, H, is already going towards the back. It turns left going from I to Br to F, so
it'sas.

2. R: Br > Cl > CH3 > H. You have to switch the H and Br in order to place the H, the lowest priority, in the back. Then, going
from Br to Cl, CHj is turning to the right, giving you a R.

3. Neither R or S: This molecule is achiral. Only chiral molecules can be named R or S.

4. R: OH > CN > CH,NH,; > H. The H, the lowest priority, has to be switched to the back. Then, going from OH to CN to

CH,NHp,, you are turning right, giving you a R.
5.(5) S: —-COOH > —CH, OH > C=CH > H. Then, going from —COOH to —CH, OH to —C=CH you are turning left,

giving you a S configuration.

Outside links

e http://www.youtube.com/watch?v=EphUiPiQiCo
e http://en.wikipedia.org/wiki/Absolute_configuration

References
1. Schore and Vollhardt. Organic Chemistry Structure and Function. New York:W.H. Freeman and Company, 2007.
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5.7: Diastereomers

Diastereomers are stereoisomers that are not related as object and mirror image and are not enantiomers. Unlike enatiomers which
are mirror images of each other and non-sumperimposable, diastereomers are not mirror images of each other and non-
superimposable. Diastereomers can have different physical properties and reactivity. They have different melting points and
boiling points and different densities. They have two or more stereocenters.

Introduction

It is easy to mistake between diasteromers and enantiomers. For example, we have four steroisomers of 3-bromo-2-butanol. The
four possible combination are SS, RR, SR and RS (Figure 1). One of the molecule is the enantiomer of its mirror image molecule
and diasteromer of each of the other two molecule (SS is enantiomer of RR and diasteromer of RS and SR). SS's mirror image is
RR and they are not superimposable, so they are enantiomers. RS and SR are not mirror image of SS and are not superimposable to
each other, so they are diasteromers.

Mimor Plane
(28, 35) -3-Bromo-2-Butanol (2R, 3IR) -3-Bromo-2-Butanol
CH
CH, 3
Br
Br — OH
H sl OH R H E
/_S/ - Enanfiomers =
s

B 5

Br H H B Br oH

OH

Cl-l3 CH 3
IDifmeagrgumens
Br Chy Be
oH N
)—S/ s - " R
R = b = s
B Enanijomers
2 R : s H
oH H — Lo HooH
{25, 3R}-3-Bromo-2-Butanol 2R, 38)-3-Bromo-2-Butanol
Figure 1

Diastereomers vs. Enantiomers

Tartaric acid, C4HeOg, is an organic compound that can be found in grape, bananas, and in wine. The structures of tartaric acid
itself is really interesting. Naturally, it is in the form of (R,R) stereocenters. Artificially, it can be in the meso form (R,S), which is
achiral. R,R tartaric acid is enantiomer to is mirror image which is S,S tartaric acid and diasteromers to meso-tartaric acid (figure
2).

(R,R) and (S,S) tartaric acid have similar physical properties and reactivity. However, meso-tartaric acid have different physical
properties and reactivity. For example, melting point of (R,R) & (S,S) tartaric is about 170 degree Celsius, and melting point of
meso-tartaric acid is about 145 degree Celsius.
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Mimor Plane

{21, 3R] 2,3-Dihydroxy-Butanedioic \ {25,35) 2, 3-Dihydroxy-Bulanedioic
Acd Acid
Diastereomers

{?R.35) 2.3 Dihydroxy - Butanedioic Acid
{meso compound)

Figure 2

We turn our attention next to molecules which have more than one stereocenter. We will start with a common four-carbon sugar
called D-erythrose.

H OH QO

HO o < TH gji
HO H
D-erythrose

A note on sugar nomenclature: biochemists use a special system to refer to the stereochemistry of sugar molecules, employing
names of historical origin in addition to the designators 'D' and 'L'. You will learn about this system if you take a biochemistry
class. We will use the D/L designations here to refer to different sugars, but we won't worry about learning the system.

As you can see, D-erythrose is a chiral molecule: C, and C; are stereocenters, both of which have the R configuration. In addition,
you should make a model to convince yourself that it is impossible to find a plane of symmetry through the molecule, regardless of
the conformation. Does D-erythrose have an enantiomer? Of course it does — if it is a chiral molecule, it must. The enantiomer of
erythrose is its mirror image, and is named L-erythrose (once again, you should use models to convince yourself that these mirror
images of erythrose are not superimposable).

Notice that both chiral centers in L-erythrose both have the S configuration. In a pair of enantiomers, all of the chiral centers are of
the opposite configuration.

What happens if we draw a stereoisomer of erythrose in which the configuration is S at C, and R at C3? This stereoisomer, which is
a sugar called D-threose, is not a mirror image of erythrose. D-threose is a diastereomer of both D-erythrose and L-erythrose.
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The definition of diastereomers is simple: if two molecules are stereoisomers (same molecular formula, same connectivity, different
arrangement of atoms in space) but are not enantiomers, then they are diastereomers by default. In practical terms, this means that
at least one - but not all - of the chiral centers are opposite in a pair of diastereomers. By definition, two molecules that are
diastereomers are not mirror images of each other.

L-threose, the enantiomer of D-threose, has the R configuration at C, and the S configuration at Cs. L-threose is a diastereomer of
both erythrose enantiomers.

In general, a structure with n stereocenters will have 2" different stereoisomers. (We are not considering, for the time being, the
stereochemistry of double bonds — that will come later). For example, let's consider the glucose molecule in its open-chain form
(recall that many sugar molecules can exist in either an open-chain or a cyclic form). There are two enantiomers of glucose, called
D-glucose and L-glucose. The D-enantiomer is the common sugar that our bodies use for energy. It has n = 4 stereocenters, so
therefore there are 2" = 2% = 16 possible stereoisomers (including D-glucose itself).

enantiomers

OH OH © (?H OH O
© HO S
HO -y DR Y
OH OH OH  OH
D-glucose L-glucose
OH OH O
diastereomers HO S : N diasterecomers
SN H
OH OH
D-galactose

In L-glucose, all of the stereocenters are inverted relative to D-glucose. That leaves 14 diastereomers of D-glucose: these are
molecules in which at least one, but not all, of the stereocenters are inverted relative to D-glucose. One of these 14 diastereomers, a
sugar called D-galactose, is shown above: in D-galactose, one of four stereocenters is inverted relative to D-glucose. Diastereomers
which differ in only one stereocenter (out of two or more) are called epimers. D-glucose and D-galactose can therefore be refered
to as epimers as well as diastereomers.

Examples

Exercise 3.10: Draw the structure of L-galactose, the enantiomer of D-galactose.
Exercise 3.11: Draw the structure of two more diastereomers of D-glucose. One should be an epimer.

Solutions
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Erythronolide B, a precursor to the 'macrocyclic' antibiotic erythromycin, has 10 stereocenters. It’s enantiomer is that molecule in
which all 10 stereocenters are inverted.

CH3

erythronolide B

In total, there are 210 = 1024 stereoisomers in the erythronolide B family: 1022 of these are diastereomers of the structure above,
one is the enantiomer of the structure above, and the last is the structure above.

We know that enantiomers have identical physical properties and equal but opposite degrees of specific rotation. Diastereomers, in
theory at least, have different physical properties — we stipulate ‘in theory’ because sometimes the physical properties of two or
more diastereomers are so similar that it is very difficult to separate them. In addition, the specific rotations of diastereomers are
unrelated — they could be the same sign or opposite signs, and similar in magnitude or very dissimilar.

Organic Chemistry With a Biological Emphasis by Tim Soderberg (University of Minnesota, Morris)

5.7: Diastereomers is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by LibreTexts.
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5.8: Meso Compounds

A meso compound is an achiral compound that has chiral centers. It is superimposed on its mirror image and is optically inactive
although it contains two or more stereocenters.

Introduction

In general, a meso compound should contain two or more identical substituted stereocenters. Also, it has an internal symmetry
plane that divides the compound in half. These two halves reflect each other by the internal mirror. The stereochemistry of
stereocenters should "cancel out". What it means here is that when we have an internal plane that splits the compound into two
symmetrical sides, the stereochemistry of both left and right side should be opposite to each other, and therefore, result in optically

inactive. Cyclic compounds may also be meso.

Identification

If A is a meso compound, it should have two or more stereocenters, an internal plane, and the stereochemistry should be R and S.

1. Look for an internal plane, or internal mirror, that lies in between the compound.
2. The stereochemistry (e.g. R or S) is very crucial in determining whether it is a meso compound or not. As mentioned above, a
meso compound is optically inactive, so their stereochemistry should cancel out. For instance, R cancels S out in a meso

compound with two stereocenters.

Mirror Image

OH OH
H R (o] [} 3 H Internal
Hfiu a—R°H Plane
OH
OH

trans-1,2-dichloro-1,2-ethanediol

Mirror Image

Identical
H H stereocenters

R
| Br—r—cr, et =B |/ internal
Br——CH, cH—{5—pr Plane

(meso)-2,3-dibromobutane

Tips: An interesting thing about single bonds or sp>-orbitals is that we can rotate the substituted groups that attached to a
stereocenter around to recognize the internal plane. As the molecule is rotated, its stereochemistry does not change. For example:

/N Rotated

OH o]

R — H—+—O0H
cl H Internal

Plane

H————OH H——OH

cl [o]

Another case is when we rotate the whole molecule by 180 degree. Both molecules below are still meso.
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OH OH
CHCH, .,  CHCH,

oH CH,CH, " T CHCH,

OH

Still the same !

Remember the internal plane here is depicted on two dimensions. However, in reality, it is three dimensions, so be aware of it when
we identify the internal mirror.

Example 1

COzH
HO& = LH
\C Ve

~«——chiral center

C —<———chiral center

Ho” £ W

CO,H
1

1 has a plane of symmetry (the horizonatal plane going through the red broken line) and, therefore, is achiral; 1 has chiral centers. Thus,
1 is a meso compound.

Example 2

chiral center //\\ chiral center
CHg

2

This molecules has a plane of symmetry (the vertical plane going through the red broken line perpendicular to the plane of the ring)
and, therefore, is achiral, but has has two chiral centers. Thus, its is a meso compound.

Other Examples of meso compounds

Meso compounds can exist in many different forms such as pentane, butane, heptane, and even cyclobutane. They do not
necessarily have to be two stereocenters, but can have more.

OH CH;CH,
F—7—H H————F6r
H——F RSN NS P
H——F

H— Br
F———H
CH,CH,
OH -
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O =
1,3-dimethylcyclohexane b/ .

This is
meso

=>| TV | meso
X

Optical Activity Analysis

When the optical activity of a meso compound is attempted to be determined with a polarimeter, the indicator will not show (+) or
(-). It simply means there is no certain direction of rotation of the polarized light, neither levorotatory (-) and dexorotatory (+).

Problems

Beside meso, there are also other types of molecules: enantiomer, diastereomer, and identical. Determine if the following molecules
are meso.

v OH
\d <:\> Cl ———CHCH,

OH——Cl
CHCH,
Br El

CH,
£ CHZCHEiH

: CHCH :™cH,
Br "HC

Answer key: A C, D, E are meso compounds.

Contributors
e Duy Dang

e Gamini Gunawardena from the OChemPal site (Utah Valley University)

5.8: Meso Compounds is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by LibreTexts.
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5.9: R and S Assignments in Compounds with Two or More Stereogenic Centers

The Chinese shrub Ma Huang (Ephedra vulgaris) contains two physiologically active compounds ephedrine and pseudoephedrine.
Both compounds are stereoisomers of 2-methylamino-1-phenyl-1-propanol, and both are optically active, one being levorotatory
and the other dextrorotatory. Since the properties of these compounds (see below) are significantly different, they cannot be
enantiomers. How, then, are we to classify these isomers and others like them?

Mirrar Mirrar

(-)-Ephedrine [+)-Ephedrine {+)-Pseudoephedrine {-)-Pseudoephedrine
1-(R), 2-(%) 1-(5), 2-(R) 1-(5), 2-(5) 1-(R), 2-(R)
Ephedrine enantiomers Pseudoephedrine enantiomers

Stereoisomers of 2-methylamino-1-phenylpropanol

Ephedrine: m.p. 35 - 40 ° C, [a]D = —41°, moderate water solubility [this isomer may be referred to as (-)-ephedrine]

Pseudoephedrine: m.p. 119 ° C, [a]D = +52° relatively insoluble in water [this isomer may be referred to as (+)-
pseudoephedrine]

Since these two compounds are optically active, each must have an enantiomer. Although these missing stereoisomers were not
present in the natural source, they have been prepared synthetically and have the expected identical physical properties and
opposite-sign specific rotations with those listed above. The structural formula of 2-methylamino-1-phenylpropanol has two
stereogenic carbons (#1 & #2). Each may assume an R or S configuration, so there are four sterecisomeric combinations possible.
These are shown in the following illustration, together with the assignments that have been made on the basis of chemical
interconversions

We turn our attention next to molecules which have more than one stereocenter. We will start with a common four-carbon sugar
called D-erythrose.

H OH Q

Ho WAty i
HO H
D-erythrose

A note on sugar nomenclature: biochemists use a special system to refer to the stereochemistry of sugar molecules, employing
names of historical origin in addition to the designators 'D' and 'L'. You will learn about this system if you take a biochemistry
class. We will use the D/L designations here to refer to different sugars, but we won't worry about learning the system.

As you can see, D-erythrose is a chiral molecule: C; and Cj are stereocenters, both of which have the R configuration. In addition,
you should make a model to convince yourself that it is impossible to find a plane of symmetry through the molecule, regardless of
the conformation. Does D-erythrose have an enantiomer? Of course it does — if it is a chiral molecule, it must. The enantiomer of
erythrose is its mirror image, and is named L-erythrose (once again, you should use models to convince yourself that these mirror
images of erythrose are not superimposable).

enantiomers
| [
H OH O O Ho, H
HO R _'* H H S, 3 _-OH
HO H H OH
D-erythrose L-erythrose

Notice that both chiral centers in L-erythrose both have the S configuration. In a pair of enantiomers, all of the chiral centers are of
the opposite configuration.
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What happens if we draw a stereoisomer of erythrose in which the configuration is S at C; and R at C3? This stereoisomer, which is
a sugar called D-threose, is not a mirror image of erythrose. D-threose is a diastereomer of both D-erythrose and L-erythrose.

enantiomers

H OH O O Ho H

. HO .|< .“ " H \. % OH
HO H H OH
D-erythrose L-erythrose

diastereomers diastercomers

H OH O Q HO H

L. HO .\{ s " H |<.' 5 OH |

H OH HO H

D-threose Lrthreose

enantiomers

The definition of diastereomers is simple: if two molecules are stereoisomers (same molecular formula, same connectivity, different
arrangement of atoms in space) but are not enantiomers, then they are diastereomers by default. In practical terms, this means that
at least one - but not all - of the chiral centers are opposite in a pair of diastereomers. By definition, two molecules that are
diastereomers are not mirror images of each other.

L-threose, the enantiomer of D-threose, has the R configuration at C, and the S configuration at C3. L-threose is a diastereomer of
both erythrose enantiomers.

In general, a structure with n stereocenters will have 2" different stereoisomers. (We are not considering, for the time being, the
stereochemistry of double bonds — that will come later). For example, let's consider the glucose molecule in its open-chain form
(recall that many sugar molecules can exist in either an open-chain or a cyclic form). There are two enantiomers of glucose, called
D-glucose and L-glucose. The D-enantiomer is the common sugar that our bodies use for energy. It has n = 4 stereocenters, so
therefore there are 2" = 2% = 16 possible stereoisomers (including D-glucose itself).

enantiomers

OH OH O ?H OoH O
: HO
HO RG] H SR H
OH OH OH OH
D-glucose L-glucose

diastereomers

diastereomers HO

OH OH

D-galactose

In L-glucose, all of the stereocenters are inverted relative to D-glucose. That leaves 14 diastereomers of D-glucose: these are
molecules in which at least one, but not all, of the stereocenters are inverted relative to D-glucose. One of these 14 diastereomers, a
sugar called D-galactose, is shown above: in D-galactose, one of four stereocenters is inverted relative to D-glucose. Diastereomers
which differ in only one stereocenter (out of two or more) are called epimers. D-glucose and D-galactose can therefore be refered
to as epimers as well as diastereomers.

Examples
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Exercise 3.10: Draw the structure of L-galactose, the enantiomer of D-galactose.
Exercise 3.11: Draw the structure of two more diastereomers of D-glucose. One should be an epimer.

Solutions

Organic Chemistry With a Biological Emphasis by Tim Soderberg (University of Minnesota, Morris)

o William Reusch, Professor Emeritus (Michigan State U.), Virtual Textbook of Organic Chemistry

5.9: R and S Assignments in Compounds with Two or More Stereogenic Centers is shared under a CC BY-NC-SA 4.0 license and was authored,

remixed, and/or curated by LibreTexts.
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5.10: Disubstituted Cycloalkanes

Configurational Stereoisomers of Cycloalkanes

Stereoisomers are also observed in certain disubstituted (and higher substituted) H oo or

cyclic compounds. Unlike the relatively flat molecules of alkenes, substituted - _ Eg< cie-1 2-dlbramosyclopentans
cycloalkanes must be viewed as three-dimensional configurations in order to e y H

appreciate the spatial orientations of the substituents. By agreement, chemists use

heavy, wedge-shaped bonds to indicate a substituent located above the average er b Br

plane of the ring (note that cycloalkanes larger than three carbons are not planar), C = E(7<H trans-1,2-dibromacyclopentane
and a hatched line for bonds to atoms or groups located below the ring. As in the A e Br

case of the 2-butene stereoisomers, disubstituted cycloalkane stereoisomers may
be designated by nomenclature prefixes such as cis and trans. The stereoisomeric 1,2-dibromocyclopentanes shown to the right are
an example.

Many of the stereochemical concepts we have covered are illustrated nicely by looking at disubstituted cyclohexanes. We will now
examine several dichlorocyclohexanes.

The 1,1-dichloro isomer has no centers of chirality. The 1,2- and 1,3-dichlorocyclohexanes each have two centers of chirality,
bearing the same set of substituents. The cis & trans-1,4-dichlorocyclohexanes do not have any chiral centers, since the two ring
groups on the substituted carbons are identical.

There are three configurational isomers of 1,2-dichlorocyclohexane and three configurational isomers of 1,3-dichlorocyclohexane.
These are shown below:

1,2-substitution

1,3-substitution

All the 1,2-dichloro isomers are constitutional isomers of the 1,3-dichloro isomers. In each category (1,2- & 1,3-), the (R,R)-trans
isomer and the (S,S)-trans isomer are enantiomers. The cis isomer is a diastereomer of the trans isomers.

Finally, all of these isomers may exist as a mixture of two (or more) conformational isomers.The chair conformer of the cis 1,2-
dichloro isomer appears to be chiral. However, It exists as a 50:50 mixture of chair conformations, which interconvert so rapidly
they cannot be resolved (ie. separated). In fact, a boat conformation can be constructued in which there exists a plane of symmetry,
therefore the cis isomer is, over, achiral. Since the cis isomer has two centers of chirality (asymmetric carbons) but is achiral, it is a
meso-compound. The corresponding trans isomers also exist as rapidly interconverting chiral conformations, but they are chiral.
The diequatorial conformer predominates in each case, the (R,R) conformations being mirror images of the (S,S) conformations.
All these conformations are diastereomeric with the cis conformations.

The diequatorial chair conformer of the cis 1,3-dichloro isomer is achiral. It is the major component of a fast equilibrium with the
diaxial conformer, which is also achiral. This isomer is also a meso compound. The corresponding trans isomers also undergo a
rapid conformational interconversion. For these isomers, however, this interconversion produces an identical conformer, so each
enantiomer (R,R) and (S,S) has predominately a single chiral conformation. These enantiomeric conformations, both of which are
chiral, are diastereomeric with the cis (meso) isomer.

Cyclic compounds can also be meso. One of many such examples is cis-1,2-dihydroxycyclohexane. Note, however, that if the
hydroxyl groups are trans to each other, the molecule is chiral.
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Fortunately for overworked organic chemistry students, the meso compound is a very special case, and it is difficult to find many
naturally occurring examples. They do, however, seem to like showing up in organic chemistry exam questions.

Example

Exercise: Which of the molecules shown below are meso? Which are chiral? Which are achiral, but not meso?

Exercise: Draw the structure of another dimethylcyclopentane isomer that is meso (do not use structures from the previous problem).
Solutions

Organic Chemistry With a Biological Emphasis by Tim Soderberg (University of Minnesota, Morris)
¢ Robert Bruner (http://bbruner.org)

5.10: Disubstituted Cycloalkanes is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by LibreTexts.
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5.11: Isomers—A Summary

Conformational Isomers

The C—C single bonds in ethane, propane, and other alkanes are formed by the overlap of an sp® hybrid orbital on one carbon atom
with an sp® hybrid orbital on another carbon atom, forming a o bond. Each sp® hybrid orbital is cylindrically symmetrical (all cross-
sections are circles), resulting in a carbon—carbon single bond that is also cylindrically symmetrical about the C—-C axis. Because
rotation about the carbon—carbon single bond can occur without changing the overlap of the sp® hybrid orbitals, there is no
significant electronic energy barrier to rotation. Consequently, many different arrangements of the atoms are possible, each
corresponding to different degrees of rotation. Differences in three-dimensional structure resulting from rotation about a ¢ bond are
called differences in conformation, and each different arrangement is called a conformational isomer (or conformer).

Structural Isomers

Unlike conformational isomers, which do not differ in connectivity, structural isomers differ in connectivity, as illustrated here for
1-propanol and 2-propanol. Although these two alcohols have the same molecular formula (C3HgO), the position of the -OH group
differs, which leads to differences in their physical and chemical properties.

0
A
H H H

1-Propanol (n-propanol)

Ty
A
H H H

2-Propanol (isopropanol)

In the conversion of one structural isomer to another, at least one bond must be broken and reformed at a different position in the
molecule. Consider, for example, the following five structures represented by the formula CsHj»:
CHs
CH5CH,CH,CH,CH;  CH3CHCH,CH;  CH3CH,CHCH;  CH3CH,CH,CH,CH, CHgéCH3
[CH3 ‘CHS ‘CH3
(a) (b) © ) ©

Of these structures, (a) and (d) represent the same compound, as do (b) and (c). No bonds have been broken and reformed; the
molecules are simply rotated about a 180° vertical axis. Only three—n-pentane (a) and (d), 2-methylbutane (b) and (c), and 2,2-
dimethylpropane (e)—are structural isomers. Because no bonds are broken in going from (a) to (d) or from (b) to (c), these
alternative representations are not structural isomers. The three structural isomers—either (a) or (d), either (b) or (c), and (e)—have
distinct physical and chemical properties.

Stereoisomers

Molecules with the same connectivity but different arrangements of the atoms in space are called stereoisomers. There are two
types of stereoisomers: geometric and optical. Geometric isomers differ in the relative position(s) of substituents in a rigid
molecule. Simple rotation about a C—C o bond in an alkene, for example, cannot occur because of the presence of the m bond. The
substituents are therefore rigidly locked into a particular spatial arrangement (part (a) in Figure 2.16. Thus a carbon—carbon
multiple bond, or in some cases a ring, prevents one geometric isomer from being readily converted to the other. The members of
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an isomeric pair are identified as either cis or trans, and interconversion between the two forms requires breaking and reforming
one or more bonds. Because their structural difference causes them to have different physical and chemical properties, cis and trans
isomers are actually two distinct chemical compounds.

Note

Stereoisomers have the same connectivity but different arrangements of atoms in space.

Optical isomers are molecules whose structures are mirror images but cannot be superimposed on one another in any orientation.
Optical isomers have identical physical properties, although their chemical properties may differ in asymmetric environments.
Molecules that are nonsuperimposable mirror images of each other are said to be chiral (pronounced “ky-ral,” from the Greek cheir,
meaning “hand”). Examples of some familiar chiral objects are your hands, feet, and ears. As shown in part (a) in Figure 5.11.1.,
your left and right hands are nonsuperimposable mirror images. (Try putting your right shoe on your left foot—it just doesn’t
work.) An achiral object is one that can be superimposed on its mirror image, as shown by the superimposed flasks in part (b) in
Figure 5.11.1..

Mirror

‘ Cannot be
Y superimposed
Left hand Right hand
(a) Chiral objects
Mirror
Can be
superimposed
Flask Flask

(b) Achiral objects

Figure 5.11.1: Chiral and Achiral Objects. (a) Objects that are nonsuperimposable mirror images of each other are chiral, such as
the left and the right hand. (b) The unmarked flask is achiral because it can be superimposed on its mirror image.

Most chiral organic molecules have at least one carbon atom that is bonded to four different groups, as occurs in the
bromochlorofluoromethane molecule shown in part (a) in Figure 5.11.2. This carbon, often designated by an asterisk in structural
drawings, is called a chiral center or asymmetric carbon atom. If the bromine atom is replaced by another chlorine (part (b) in
Figure 5.11.2), the molecule and its mirror image can now be superimposed by simple rotation. Thus the carbon is no longer a
chiral center. Asymmetric carbon atoms are found in many naturally occurring molecules, such as lactic acid, which is present in
milk and muscles, and nicotine, a component of tobacco. A molecule and its nonsuperimposable mirror image are called
enantiomers (from the Greek enantiou, meaning “opposite”).
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Mirror
H
180" rotation
*
. N Br Cannot be cl oy E
superimposed Br
(a) Bromochlorofluoromethane
Mirror
H
180° rotation
awnn Tty Ean be al iy .
superimposed @

(b) Dichlorofluoromethane

Figure 5.11.2: Comparison of Chiral and Achiral Molecules. (a) Bromochlorofluoromethane is a chiral molecule whose
stereocenter is designated with an asterisk. Rotation of its mirror image does not generate the original structure. To superimpose

the mirror images, bonds must be broken and reformed. (b) In contrast, dichlorofluoromethane and its mirror image can be rotated
so they are superimposable.

Organic Chemistry With a Biological Emphasis by Tim Soderberg (University of Minnesota, Morris)
e Dan Chong

5.11: Isomers

A Summary is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by LibreTexts.
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5.12: Physical Properties of Stereoisomers

Identifying and distinguishing enantiomers is inherently difficult, since their physical and chemical properties are largely identical.
Fortunately, a nearly two hundred year old discovery by the French physicist Jean-Baptiste Biot has made this task much easier.
This discovery disclosed that the right- and left-handed enantiomers of a chiral compound perturb plane-polarized light in opposite
ways. This perturbation is unique to chiral molecules, and has been termed optical activity.

Polarimetry

Plane-polarized light is created by passing ordinary light through a polarizing device, which may be as simple as a lens taken from
polarizing sun-glasses. Such devices transmit selectively only that component of a light beam having electrical and magnetic field
vectors oscillating in a single plane. The plane of polarization can be determined by an instrument called a polarimeter, shown in
the diagram below.

Fixed

Polarizer .

Plane-Paolarized !
Field wactar Light
T Source

Electric &

* Magnetic
Field Wectors
a
O o
= " gample cell

-90” 2¥0° 90° -270°

lﬁ 2 Movable
Detector -igg"“ Palarizer

Monochromatic (single wavelength) light, is polarized by a fixed polarizer next to the light source. A sample cell holder is located
in line with the light beam, followed by a movable polarizer (the analyzer) and an eyepiece through which the light intensity can be
observed. In modern instruments an electronic light detector takes the place of the human eye. In the absence of a sample, the light
intensity at the detector is at a maximum when the second (movable) polarizer is set parallel to the first polarizer (a« = 0°). If the
analyzer is turned 90° to the plane of initial polarization, all the light will be blocked from reaching the detector.

Chemists use polarimeters to investigate the influence of compounds (in the sample cell) on plane polarized light. Samples
composed only of achiral molecules (e.g. water or hexane), have no effect on the polarized light beam. However, if a single
enantiomer is examined (all sample molecules being right-handed, or all being left-handed), the plane of polarization is rotated in
either a clockwise (positive) or counter-clockwise (negative) direction, and the analyzer must be turned an appropriate matching
angle, a, if full light intensity is to reach the detector. In the above illustration, the sample has rotated the polarization plane
clockwise by +90° and the analyzer has been turned this amount to permit maximum light transmission.

The observed rotations (a) of enantiomers are opposite in direction. One enantiomer will rotate polarized light in a clockwise
direction, termed dextroretatory or (+), and its mirror-image partner in a counter-clockwise manner, termed levorotatory or (-).
The prefixes dextro and levo come from the Latin dexter, meaning right, and laevus, for left, and are abbreviated d and I
respectively. If equal quantities of each enantiomer are examined , using the same sample cell, then the magnitude of the rotations
will be the same, with one being positive and the other negative. To be absolutely certain whether an observed rotation is positive
or negative it is often necessary to make a second measurement using a different amount or concentration of the sample. In the
above illustration, for example, @ might be —-90° or +270° rather than +90°. If the sample concentration is reduced by 10%, then the
positive rotation would change to +81° (or +243°) while the negative rotation would change to —81°, and the correct o« would be
identified unambiguously.

Since it is not always possible to obtain or use samples of exactly the same size, the observed rotation is usually corrected to
compensate for variations in sample quantity and cell length. Thus it is common practice to convert the observed rotation, o, to a
specific rotation, [a], by the following formula:

where | = cell length in dm, ¢ =
a concentration in g/ml

Specific Rotation = [elo =
D is the 589 nm light from a

sodium lamp
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Compounds that rotate the plane of polarized light are termed optically active. Each enantiomer of a stereoisomeric pair is
optically active and has an equal but opposite-in-sign specific rotation. Specific rotations are useful in that they are experimentally
determined constants that characterize and identify pure enantiomers. For example, the lactic acid and carvone enantiomers
discussed earlier have the following specific rotations.

Carvone from caraway: [a]p = +62.5° this isomer may be referred to as (+)-carvone or d-carvone
Carvone from spearmint: [a]p = —62.5° this isomer may be referred to as (—)-carvone or [-carvone
Lactic acid from muscle tissue: [a]p = +2.5° this isomer may be referred to as (+)-lactic acid or d-lactic acid
Lactic acid from sour milk: [a]p = —2.5° this isomer may be referred to as (-)-lactic acid or I-lactic acid

A 50:50 mixture of enantiomers has no observable optical activity. Such mixtures are called racemates or racemic modifications,
and are designated (+). When chiral compounds are created from achiral compounds, the products are racemic unless a single
enantiomer of a chiral co-reactant or catalyst is involved in the reaction. The addition of HBr to either cis- or trans-2-butene is an
example of racemic product formation (the chiral center is colored red in the following equation).

CH3CH=CHCHj3; + HBr _— (+) CH3CH,CHBrCHj3

Chiral organic compounds isolated from living organisms are usually optically active, indicating that one of the enantiomers
predominates (often it is the only isomer present). This is a result of the action of chiral catalysts we call enzymes, and reflects the
inherently chiral nature of life itself. Chiral synthetic compounds, on the other hand, are commonly racemates, unless they have
been prepared from enantiomerically pure starting materials.

There are two ways in which the condition of a chiral substance may be changed:
1. A racemate may be separated into its component enantiomers. This process is called resolution.
2. A pure enantiomer may be transformed into its racemate. This process is called racemization.

Enantiomeric Excess

The "optical purity" is a comparison of the optical rotation of a pure sample of unknown stereochemistry versus the optical rotation
of a sample of pure enantiomer. It is expressed as a percentage. If the sample only rotates plane-polarized light half as much as
expected, the optical purity is 50%.

Because R and S enantiomers have equal but opposite optical activity, it naturally follows that a 50:50 racemic mixture of two
enantiomers will have no observable optical activity. If we know the specific rotation for a chiral molecule, however, we can easily
calculate the ratio of enantiomers present in a mixture of two enantiomers, based on its measured optical activity. When a mixture
contains more of one enantiomer than the other, chemists often use the concept of enantiomeric excess (ee) to quantify the
difference. Enantiomeric excess can be expressed as:

(% more abundant enantiomer - 50) x 100

50

€c =

For example, a mixture containing 60% R enantiomer (and 40% S enantiomer) has a 20% enantiomeric excess of R: ((60-50) x
100) / 50 = 20 %.

Expressed in terms of optical rotation (use absolute values):

o= specific rotation of mixture < 100

specific rotation of pure enantiomer

Example

The specific rotation of (S)-carvone is (+)61°, measured 'neat' (pure liquid sample, no solvent). The optical rotation of a neat sample of
a mixture of R and S carvone is measured at (-)23°. Which enantiomer is in excess, and what is its ee? What are the percentages of (R)-
and (S)-carvone in the sample?

Solution
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Chiral molecules are often labeled according to the sign of their specific rotation, as in (S)-(+)-carvone and (R)-(-)-carvone, or (+)-carvone
for the racemic mixture. However, there is no relationship whatsoever between a molecule's R/S designation and the sign of its specific
rotation. Without performing a polarimetry experiment or looking in the literature, we would have no idea that (-)-carvone has the R

configuration and (+)-carvone has the S configuration.

Separation of Chiral Compounds

As noted earlier, chiral compounds synthesized from achiral starting materials and reagents are generally racemic (i.e. a 50:50
mixture of enantiomers). Separation of racemates into their component enantiomers is a process called resolution. Since
enantiomers have identical physical properties, such as solubility and melting point, resolution is extremely difficult.
Diastereomers, on the other hand, have different physical properties, and this fact is used to achieve resolution of racemates.
Reaction of a racemate with an enantiomerically pure chiral reagent gives a mixture of diastereomers, which can be separated. For
example, if a racemic mixture of a chiral alcohol is reacted with a enantiomerically pure carboxylic acid, the result is a mixture of
diastereomers: in this case, because the pure (R) entantiomer of the acid was used, the product is a mixture of (R-R) and (R-S)
diastereomeric esters, which can, in theory, be separated by their different physical properties. Subsequent hydrolysis of each
separated ester will yield the resolved' (enantiomerically pure) alcohols. The used in this technique are known as'

Organic Chemistry With a Biological Emphasis by Tim Soderberg (University of Minnesota, Morris)

¢ William Reusch, Professor Emeritus (Michigan State U.), Virtual Textbook of Organic Chemistry
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5.13: Chemical Properties of Enantiomers

Some Chiral Organic Molecules

There are a number of important biomolecules that could occur as enantiomers, including amino acids and sugars. In most cases,
only one enantiomer occurs (although some fungi, for example, are able to produce mirror-image forms of these compounds). We
will look later at some of these biomolecules, but first we will look at a compound that occurs naturally in both enantiomeric forms.

Carvone is a secondary metabolite. That means it is a naturally-occurring compound that is not directly connected to the very basic
functions of a cell, such as self-replication or the production of energy. The role of secondary metabolites in nature is often difficult
to determine. However, these compounds often play roles in self-defense, acting as deterrents against competitor species in a sort of
small-scale chemical warfare scenario. They are also frequently used in communications; this role has been studied most
extensively among insects, which use lots of compounds to send information to each other.

(§)-carvone { R)-carvone

oil at 25°C oil at 25°C

bp: 230-231°C bp: 230-231°C

d: 0,965 g/mL d: 0,965 g/mL

n: L4988 n: 14988

insol H20, misc EtOH, MeOH insol H20, misc EtOH, MeOH
[elp =61.2° lalp = -62.46°

Figure SC5.1. The two naturally-occurring enantiomers of carvone.

Carvone is produced in two enantiomeric forms. One of these forms, called (-)-carvone, is found in mint leaves, and it is a principal
contributor to the distinctive odor of mint. The other form, (+)-carvone, is found in caraway seeds. This form has a very different
smell, and is typically used to flavour rye bread and other Eastern European foods.

Note that (+)-carvone is the same thing as (S)-carvone. The (+) designation is based on its positive optical rotation value, which is
experimentally measured. The (S) designation is determined by the Cahn-Ingold-Prelog rules for designating stereochemistry,
which deal with looking at the groups attached to a chiral center and assigning priority based on atomic number. However,
carvone's chiral center actually has three carbons attached to it; they all have the same atomic number. We need a new rule to break
the tie.

o If two substituent groups have the same atomic number, go one bond further to the next atom.

o If there is a difference among the second tier of atoms, stop.

e The group in which you have encountered a higher atomic number gets the highest priority.

o If there is not a clear difference, proceed one additional bond to the next set of atoms, and so on, until you find a difference.
In carvone, this decision tree works as follows:

e .The chiral center is connected toa H, a C, a C and a C.

e The H is lowest priority.

¢ One C eventually leads to a C=0. However, at the second bond from the chiral center, this C is connected to a C and two H's.

e A second C is also part of the six-membered ring, but the C=0 is farther away in this direction. At the second bond from the
chiral center, this C is connected to a C and two H's, just like the first one.

o The third C is part of a little three-carbon group attached to the six-membered ring. At the second bond from the chiral center, it
is connected to only one H and has two bonds to another C (this is counted as two bonds to C and one to H).

o Those first two carbon groups are identical so far.
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e However, the third group is different; it has an extra bond to C, whereas the others have an extra bond to H. C has a higher
atomic number than H, so this group has higher priority.

o The second-highest priority is the branch that reaches the oxygen at the third bond from the chiral center.

Stage T Stage IT Stage 111
. O beats C or
These groups are tied. H. this group
Both have one bond to is priority #2
C and two to H. -

c c
— H—C C—H H— S
c: — N T TS
", H ", H
H 1
C
G G C
. This group
III:SEE:,'JS 15 priority
P #1. Three
priority #4. bonds to C
beats one
bond to C.

-
&
o
C—

Figure SC5.2. Comparing atoms step-by-step to assign configuration.

How different, exactly, are these two compounds, (+)- and (-)-carvone? Are they completely different isomers, with different
physical properties? In most ways, the answer is no. These two compounds have the same appearance (colourless oil), the same
boiling point (230 ° C), the same refractive index (1.499) and specific gravity (0.965). However, they have optical rotations that are
almost exactly opposite values.

e Two enantiomers have the same physical properties.
« Enantiomers have opposite optical rotations.

Clearly they have different biological properties; since they have slightly different odors, they must fit into slightly different nasal
receptors, signaling to the brain whether the person next to you is chewing a stick of gum or a piece of rye bread. This different
shape complimentarity is not surprising, just as it isn't surprising that a left hand only fits into a left handed baseball glove and not

into a right handed one.

There are other reasons that we might concern ourselves with an understanding of enantiomers, apart from dietary and olfactory
preferences. Perhaps the most dramatic example of the importance of enantiomers can be found in the case of thalidomide.
Thalidomide was a drug commonly prescribed during the 1950's and 1960's in order to alleviate nausea and other symptoms of
morning sickness. In fact, only one enantiomer of thalidomide had any therapeutic effect in this regard. The other enantiomer, apart
from being therapeutically useless in this application, was subsequently found to be a teratogen, meaning it produces pronounced
birth defects. This was obviously not a good thing to prescribe to pregnant women. Workers in the pharmaceutical industry are now
much more aware of these kinds of consequences, although of course not all problems with drugs go undetected even through the
extensive clinical trials required in the United States. Since the era of thalidomide, however, a tremendous amount of research in
the field of synthetic organic chemistry has been devoted to methods of producing only one enantiomer of a useful compound and
not the other. This effort probably represents the single biggest aim of synthetic organic chemistry through the last quarter century.

o Enantiomers may have very different biological properties.
¢ Obtaining enantiomerically pure compounds is very important in medicine and the pharmaceutical industry.

o]
o 0
Figure SC5.3. Thalidomide.

Problem SC5.1.
1. Draw thalidomide and identify the chiral center with an asterisk.
2. Draw the two possible enantiomeric forms of thalidomide.

Problem SC5.2.
Draw the two enantiomeric forms of 2-butanol, CH;CH(OH)CH,CHj. Label their configurations.
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Problem SC5.3.
Sometimes, compounds have many chiral centers in them. For the following compounds, identify four chiral centers in each, mark
them with asterisks, and identify each center as R or S configuration.

The following is the structure of dysinosin A, a potent thrombin inhibitor that consequently prevents blood clotting.

Sanglifehrin A, shown below, is produced by a bacteria that may be found in the soil of coffee plantations in Malawi. It is also a
promising candidate for the treatment of organ transplant patients owing to its potent immuno-suppressant activity.

Contributors
Chris P Schaller, Ph.D., (College of Saint Benedict / Saint John's University)
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6.1: Writing Equations for Organic Reactions

Organic chemistry encompasses a very large number of compounds ( many millions ), and our previous discussion and illustrations
have focused on their structural characteristics. Now that we can recognize these actors ( compounds ), we turn to the roles they are
inclined to play in the scientific drama staged by the multitude of chemical reactions that define organic chemistry.

We begin by defining some basic terms that will be used frequently as this subject is elaborated.

Chemical Reaction: A transformation resulting in a change of composition, constitution and/or configuration of a compound (
referred to as the reactant or substrate ).

Reactant or Substrate: The organic compound undergoing change in a chemical reaction. Other compounds may also be
involved, and common reactive partners ( reagents ) may be identified. The reactant is often ( but not always ) the larger and more
complex molecule in the reacting system. Most ( or all ) of the reactant molecule is normally incorporated as part of the product
molecule.

Reagent: A common partner of the reactant in many chemical reactions. It may be organic or inorganic; small or large; gas, liquid
or solid. The portion of a reagent that ends up being incorporated in the product may range from all to very little or none.
Product(s) The final form taken by the major reactant(s) of a reaction.

Reaction Conditions The environmental conditions, such as temperature, pressure, catalysts & solvent, under which a reaction
progresses optimally. Catalysts are substances that accelerate the rate ( velocity ) of a chemical reaction without themselves being
consumed or appearing as part of the reaction product. Catalysts do not change equilibria positions.

R Reagent(s)
q q q eactant(s) ——————= Product{s)
Chemical reactions are commonly written as [ Reaction ]

equations: Conditions
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6.2: Kinds of Organic Reactions

If you scan any organic textbook you will encounter what appears to be a very large, often intimidating, number of reactions. These
are the "tools" of a chemist, and to use these tools effectively, we must organize them in a sensible manner and look for patterns of
reactivity that permit us make plausible predictions. Most of these reactions occur at special sites of reactivity known as functional
groups, and these constitute one organizational scheme that helps us catalog and remember reactions.

Ultimately, the best way to achieve proficiency in organic chemistry is to understand how reactions take place, and to
recognize the various factors that influence their course.

First, we identify four broad classes of reactions based solely on the structural change occurring in the reactant molecules. This
classification does not require knowledge or speculation concerning reaction paths or mechanisms. The four main reaction classes
are additions, eliminations, substitutions, and rearrangements.

Addition Elimination
B B E R R R R R

Y £ | 11 5, £

C=C + AMB —» L—C—C—F ¥—C—C—2Z — C=C 4+ ¥-=2
/ A | | | | & A
F R R R R R R
Substitution Rearrangement

R ] B H R H
Fl—(l)—\" + Z e R—IC—Z + Y R—(:?—(:)—X —_— F\—(‘:—IC—R

4 b G b

In an addition reaction the number of o-bonds in the substrate molecule increases, usually at the expense of one or more n-bonds.
The reverse is true of elimination reactions, i.e.the number of o-bonds in the substrate decreases, and new m-bonds are often
formed. Substitution reactions, as the name implies, are characterized by replacement of an atom or group (Y) by another atom or
group (Z). Aside from these groups, the number of bonds does not change. A rearrangement reaction generates an isomer, and
again the number of bonds normally does not change.

The examples illustrated above involve simple alkyl and alkene systems, but these reaction types are general for most functional
groups, including those incorporating carbon-oxygen double bonds and carbon-nitrogen double and triple bonds. Some common
reactions may actually be a combination of reaction types. The reaction of an ester with ammonia to give an amide, as shown
below, appears to be a substitution reaction ('Y = CH3;0 & Z = NH, ); however, it is actually two reactions, an addition followed by
an elimination.

o O—H o—H )
i + NHs I | “CHOH
=t adlditicn H_?_O_C Ha| = F!—(lj—O—C s | Cimination 5
O—CH; hiH, hH; MH;

Ester Arnicle

The addition of water to a nitrile does not seem to fit any of the above reaction types, but it is simply a slow addition reaction
followed by a rapid rearrangement, as shown in the following equation. Rapid rearrangements of this kind are called

tautomerizations.
H\
M—H N—H _
+ H:0 7 4 fast /N H
A—C=N ——= | R—" =| p—C — o
addition kY hY rearrangement
Ritile O—H O—H Amide 0
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6.3: Bond Breaking and Bond Making

The Arrow Notation in Mechanisms

Since chemical reactions involve the breaking and making of bonds, a consideration of the movement of bonding ( and non-bonding ) valence shell electrons is
essential to this understanding. It is now common practice to show the movement of electrons with curved arrows, and a sequence of equations depicting the
consequences of such electron shifts is termed a mechanism. In general, two kinds of curved arrows are used in drawing mechanisms:

both electrons
transfer to B

A full head on the arrow indicates the movement or shift of an electron pair: AR ® o
A-BY —> A +:B

one electron goes to A

A partial head (fishhook) on the arrow indicates the shift of a single electron: (;h ;;th::r: teetren to 8
ALB — A+ B

The use of these symbols in bond-breaking and bond-making reactions is illustrated below. If a covalent single bond is broken so that one electron of the shared
pair remains with each fragment, as in the first example, this bond-breaking is called homolysis. If the bond breaks with both electrons of the shared pair
remaining with one fragment, as in the second and third examples, this is called heterolysis.

Bond-Breaking Bond-Making
R R R R
by b 0 g P A
g " b
[} ] [ R
|
q,(‘;,ﬂ-‘ heterolysis H—é&n e n-(':@{:‘:ve by
! ; h b
R R R
P L N n_‘ch@ N
& b A
Other Arrow Symbols

Chemists also use arrow symbols for other purposes, and it is essential to use them correctly.

The Reaction Arrow The Equilibrium Arrow The Resonance Arrow
[ —_— -

The following equations illustrate the proper use of these symbols:
CHs + 20 — COz + 2Hz0 + Energy

s £
@®
HaL—C 4 Hmo HaL—C  + HgO
5 S g
-H (o)

H H @
Hal—C=CHz =——» Hyt—C—CHy
A

_J
Reactive Intermediates

The products of bond breaking, shown above, are not stable in the usual sense, and cannot be isolated for prolonged study. Such species are referred to as
reactive intermediates, and are believed to be transient intermediates in many reactions. The general structures and names of four such intermediates are given

below.
Charged Intermediates Uncharged Intermediates
! 7
|
R—C® R—“?-
4 R
A Carbocation A Radical
R A
R—C:® B
| =4
]
A Carbanion A Carbene

A pair of widely used terms, related to the Lewis acid-base notation, should also be introduced here.

Electrophile: An electron deficient atom, ion or molecule that has an affinity for an electron pair, and will bond to a base or nucleophile.
Nucleophile: An atom, ion or molecule that has an electron pair that may be donated in bonding to an electrophile (or Lewis acid).

Using these definitions, it is clear that carbocations ( called carbonium ions in the older literature ) are electrophiles and carbanions are nucleophiles. Carbenes
have only a valence shell sextet of electrons and are therefore electron deficient. In this sense they are electrophiles, but the non-bonding electron pair also
gives carbenes nucleophilic character. As a rule, the electrophilic character dominates carbene reactivity. Carbon radicals have only seven valence electrons,
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and may be considered electron deficient; however, they do not in general bond to nucleophilic electron pairs, so their chemistry exhibits unique differences
from that of conventional electrophiles. Radical intermediates are often called free radicals.

The importance of electrophile / nucleophile terminology comes from the fact that many organic reactions involve at some stage the bonding of a nucleophile
to an electrophile, a process that generally leads to a stable intermediate or product. Reactions of this kind are sometimes called ionic reactions, since ionic
reactants or products are often involved. Some common examples of ionic reactions and their mechanisms may be examined by Clicking Here

The shapes ideally assumed by these intermediates becomes important when considering the stereochemistry of reactions in which they play a role. A simple
tetravalent compound like methane, CHy, has a tetrahedral configuration. Carbocations have only three bonds to the charge bearing carbon, so it adopts a planar
trigonal configuration. Carbanions are pyramidal in shape ( tetrahedral if the electron pair is viewed as a substituent ), but these species invert rapidly at room
temperature, passing through a higher energy planar form in which the electron pair occupies a p-orbital. Radicals are intermediate in configuration, the energy
difference between pyramidal and planar forms being very small. Since three points determine a plane, the shape of carbenes must be planar; however, the
valence electron distribution varies.
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6.4: Bond Dissociation Energy

The homolytic bond dissociation energy is the amount of energy needed to break apart one mole of covalently bonded gases into a
pair of radicals. The ST units used to describe bond energy are kiloJoules per mole of bonds (kJ/Mol). It indicates how strongly the
atoms are bonded to each other.

Introduction

Breaking a covalent bond between two partners, A-B, can occur either heterolytically, where the shared pair of electron goes with
one partner or another

A-B— A" +B: (6.4.1)
or
A-B—A: +B" (6.4.2)
or homolytically, where one electron stays with each partner.
A-B— A*+B* (6.4.3)
The products of homolytic cleavage are radicals and the energy that is required to break the bond homolytically is called the Bond
Dissociation Energy (BDE) and is a measure of the strength of the bond.

Calculation of the BDE

The BDE for a molecule A-B is calculated as the difference in the enthalpies of formation of the products and reactants for
homolysis

BDE = A;H(A®)+A;H(B")— A;H(A—B) (6.4.4)

Officially, the TUPAC definition of bond dissociation energy refers to the energy change that occurs at 0 K, and the symbol is D,,.
However, it is commonly referred to as BDE, the bond dissociation energy, and it is generally used, albeit imprecisely,
interchangeably with the bond dissociation enthalpy, which generally refers to the enthalpy change at room temperature (298K).
Although there are technically differences between BDEs at 0 K and 298 K, those difference are not large and generally do not
affect interpretations of chemical processes.

Bond Breakage/Formation

Bond dissociation energy (or enthalpy) is a state function and consequently does not depend on the path by which it occurs.
Therefore, the specific mechanism in how a bond breaks or is formed does not affect the BDE. Bond dissociation energies are
useful in assessing the energetics of chemical processes. For chemical reactions, combining bond dissociation energies for bonds
formed and bonds broken in a chemical reaction using Hess's Law can be used to estimate reaction enthalpies.

v Example 6.4.1: Chlorination of Methane

Consider the chlorination of methane
CHy+Cly, — CH3Cl+HCI (6.4.5)
the overall reaction thermochemistry can be calculated exactly by combining the BDEs for the bonds broken and bonds formed
CH, — CHj;* + H» BDE(CHj3-H)
Cl, - 2Cl* BDE(CIo)\]
He + Cls — HCI -BDE(HCI)
CHj* + Cl» » CH;Cl -BDE(CH;-Cl)

CHy+Cly - CH3Cl+HCI (6.4.6)
AH=BDE(R—H)+BDE(Cl,)— BDE(HC1)— BDE(CH; —Cl) (6.4.7)
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Because reaction enthalpy is a state function, it does not matter what reactions are combined to make up the overall process
using Hess's Law. However, BDEs are convenient to use because they are readily available.

Alternatively, BDEs can be used to assess individual steps of a mechanism. For example, an important step in free radical
chlorination of alkanes is the abstraction of hydrogen from the alkane to form a free radical.

RH + Cle — Re + HCI
The energy change for this step is equal to the difference in the BDEs in RH and HCl
AH =BDE(R—H)—BDE(HCI) (6.4.8)
This relationship shows that the hydrogen abstraction step is more favorable when BDE(R-H) is smaller. The difference in energies

accounts for the selectivity in the halogenation of hydrocarbons with different types of C-H bonds.

Representative C-H BDEs in Organic Molecules

R-H D,, kJ/mol Dygg, kJ/mol R-H D,, kJ/mol Dygg, kJ/mol
CHs-H 432.740.1 439.3+0.4 H,C=CH-H 456.7+2.7 463.2+2.9
CH;3;CH,-H 423.0£1.7 CeHs-H 465.8£1.9 472.4£2.5
(CH3),CH-H 412.5+1.7 HCCH 551.2+0.1 557.8+0.3
(CH3)3C-H 403.8+1.7

H,C=CHCH,-H 371.5+1.7
HC(0)-H 368.6+0.8 CegHsCH,-H 375.312.5
CH3C(0)-H 374.0+1.2

Trends in C-H BDEs

It is important to remember that C-H BDEs refer to the energy it takes to break the bond, and is the difference in energy between
the reactants and the products. Therefore, it is not appropriate to interpret BDEs solely in terms of the "stability of the radical
products" as is often done.

Analysis of the BDEs shown in the table above shows that there are some systematic trends:

1. BDEs vary with hybridization: Bonds with sp® hybridized carbons are weakest and bonds with sp hybridized carbons are
much stronger. The vinyl and phenyl C-H bonds are similar, reflecting their sp? hybridization. The correlation with
hybridization can be viewed as a reflection of the C-H bond lengths. Longer bonds formed with sp® orbitals are consequently
weaker. Shorter bonds formed with orbitals that have more s-character are similarly stronger.

2. C-H BDEs vary with substitution: Among sp> hybridized systems, methane has the strongest C-H bond. C-H bonds on
primary carbons are stronger than those on secondary carbons, which are stronger than those on tertiary carbons.

Interpretation of C-H BDEs f0r sp3 Hybl‘idized CarbOI‘IS

The interpretation of the BDEs in saturated molecules has been subject of recent controversy. As indicated above, the variation in
BDEs with substitution has traditionally been interpreted as reflecting the stabilities of the alkyl radicals, with the assessment that
more highly substituted radicals are more stable, as with carbocations. Although this is a popular explanation, it fails to account fo
the fact the bonds to groups other than H do not show the same types of variation.

R BDE(R-CH3) BDE(R-CI) BDE(R-Br) BDE(R-OH)
CHj- 377.0+0.4 350.2+0.4 301.7+1.3 385.3+0.4
CH;CHy- 372.4+1.7 354.8+2.1 302.9+2.5 393.3+1.7
(CH3),CH- 370.7+1.7 356.5+2.1 309.2+2.9 399.6+1.7
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R BDE(R-CH3) BDE(R-CI) BDE(R-Br) BDE(R-OH)

(CH3z)3C- 366.1+£1.7 355.2+£2.9 303.8£2.5 400.8+1.7

Therefore, although C-CH; bonds get weaker with more substitution, the effect is not nearly as large as that observed with C-H
bonds. The strengths of C-Cl and C-Br bonds are not affected by substitution, despite the fact that the same radicals are formed as
when breaking C-H bonds, and the C-OH bonds in alcohols actually increase with more substitution.

Gronert has proposed that the variation in BDEs is alternately explained as resulting from destabilization of the reactants due to
steric repulsion of the substituents, which is released in the nearly planar radicals." Considering that BDEs reflect the relative
energies of reactants and products, either explanation can account for the trend in BDEs.

Another factor that needs to be considered is the electronegativity. The Pauling definition of electronegativity says that the bond
dissociation energy between unequal partners is going to be dependent on the difference in electrongativities, according to the
expression

D,(A—A)+D,(B— B)
2

where X 4 and X are the electronegativities and the bond energies are in eV. Therefore, the variation in BDEs can be interpreted
as reflecting variation in the electronegativities of the different types of alkyl fragments.

D,(A—-B) = +(Xa—Xp)? (6.4.9)

There is likely some merit in all three interpretations. Since Gronert's original publication of his alternate explanation, there have
been many desperate attempts to defend the radical stability explanation.

References
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Contributors
o Prof. Paul G. Wenthold (Purdue University)

6.4: Bond Dissociation Energy is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by LibreTexts.

https://chem.libretexts.org/@go/page/30372


https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/30372?pdf
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Supplemental_Modules_(Physical_and_Theoretical_Chemistry)/Physical_Properties_of_Matter/Atomic_and_Molecular_Properties/Electronegativity/Pauling_Electronegativity
http://www.chem.purdue.edu/wenthold/
http://www.chem.purdue.edu/
https://chem.libretexts.org/Bookshelves/Organic_Chemistry/Map%3A_Organic_Chemistry_(Smith)/06%3A_Understanding_Organic_Reactions/6.04%3A_Bond_Dissociation_Energy
https://creativecommons.org/licenses/by-nc-sa/4.0

LibreTextsw

6.5: Thermodynamics

Equilibrium Constant

For the hypothetical chemical reaction:

aA+bB=cC+dD (6.5.1)
the equilibrium constant is defined as:
CJ°[D}*
K = 2L (6.5.2)
[A][B]’

The notation [A] signifies the molar concentration of species A. An alternative expression for the equilibrium constant involves
partial pressures:

PSP

= (6.5.3)
Pipy

Kp

Note that the expression for the equilibrium constant includes only solutes and gases; pure solids and liquids do not appear in the
expression. For example, the equilibrium expression for the reaction

CaH2(3)+2H2O(g) ‘ﬁCa(OH)z(s)+2H2(g) (654)
is the following:
_[HP?
Ko = "0, 0P (6.5.5)

Observe that the gas-phase species H,O and H, appear in the expression but the solids CaH, and Ca(OH), do not appear.

The equilibrium constant is most readily determined by allowing a reaction to reach equilibrium, measuring the concentrations of
the various solution-phase or gas-phase reactants and products, and substituting these values into the Law of Mass Action.

Gibbs Energy

The interaction between enthalpy and entropy changes in chemical reactions is best observed by studying their influence on the
equilibrium constants of reversible reactions. To this end a new thermodynamic function called Free Energy (or Gibbs Free
Energy), symbol AG, is defined as shown in the first equation below. Two things should be apparent from this equation. First, in
cases where the entropy change is small, AG = AH. Second, the importance of AS in determining AG increases with increasing
temperature.

AG° = AH-TAS° (6.5.6)
where T is the absolute temperature measured in kelvin.

The free energy function provides improved insight into the thermodynamic driving forces that influence reactions. A negative AG°
is characteristic of an exergonic reaction, one which is thermodynamically favorable and often spontaneous, as is the melting of
ice at 1 °C. Likewise a positive AG® is characteristic of an endergonic reaction, one which requires an input of energy from the
surroundings.

Example 6.5.1: Decomposition of Cyclobutane

For an example of the relationship of free energy to enthalpy consider the decomposition of cyclobutane to ethene, shown in the
following equation. The standard state for all the compounds is gaseous.

I:I 2 HaC=CHa #H® = +19 keal/mole
A5 = +43.6 U

This reaction is endothermic, but the increase in number of molecules from one (reactants) to two (products) results in a large
positive AS°.

At 25 °C (298 °K), AG® = 19 kcal/mol — 298(43.6) cal/mole = 19 — 13 kcal/mole = +6 kcal/mole. Thus, the entropy change
opposes the enthalpy change, but is not sufficient to change the sign of the resulting free energy change, which is endergonic.
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Indeed, cyclobutane is perfectly stable when kept at room temperature.

Because the entropy contribution increases with temperature, this energetically unfavorable transformation can be made
favorable by raising the temperature. At 200 °C (473 °K), AG® = 19 kcal/mol — 473(43.6) cal/mole = 19 — 20.6 kcal/mole = -1.6
kcal/mole. This is now an exergonic reaction, and the thermal cracking of cyclobutane to ethene is known to occur at higher
temperatures.

AG°=—RTInK =2.303RTlog K (6.5.1)
with

e R =1.987 cal/ °K mole
e T = temperature in °K
e K = equilibrium constant

A second equation, shown above, is important because it demonstrates the fundamental relationship of AG® to the equilibrium
constant, K. Because of the negative logarithmic relationship between these variables, a negative AG® generates a K>1, whereas
a positive AG® generates a K<1. When AG® = 0, K = 1. Furthermore, small changes in AG® produce large changes in K. A
change of 1.4 kcal/mole in AG® changes K by approximately a factor of 10. This interrelationship may be explored with the
calculator on the right. Entering free energies outside the range -8 to 8 kcal/mole or equilibrium constants outside the range 10-6
to 900,000 will trigger an alert, indicating the large imbalance such numbers imply.

Substituted Cyclohexanes
A Values

Substituents on a cyclohexane prefer to be in the equatorial position. When a substituent is in the axial position, there are two
gauche butane interactions more than when a substituent is in the equatorial position. We quantify the energy difference between
the axial and equatorial conformations as the A-value, which is equivalent to the negative of the AG®, for the equilibrium shown
below. Therefore the A-value, or -AG?®, is the preference for the substituent to sit in the equatorial position.

R i H
Keg

I H
h’ﬂ —_ R/  AG"=-RTinKs

Recall that the equilibrium constant is related to the change in Gibbs Energies for the reaction:
AG° =—-RTInK,, (6.5.2)

The balance between reactants and products in a reaction will be determined by the free energy difference between the two sides of
the reaction. The greater the free energy difference, the more the reaction will favor one side or the other (Table 6.5.1).

Table 6.5.1: Below is a table of A-values for some common substituents.

Substituent AG° (kcal/mol) A-value
-F -0.28-0.24 0.24-0.28
-Cl -0.53 0.53
-Br -0.48 0.48
a1 -0.47 0.47
-CHj3 (-Me) -1.8 1.8
-CH,CHj; (-Et) -1.8 1.8
-CH(CHjs), (-i-Pr) 2.1 2.1
-C(CHj3)s (-t-Bu) <-4.5 >4.5
-CHCH, -1.7 1.7

https://chem.libretexts.org/@go/page/30373



https://libretexts.org/
https://creativecommons.org/licenses/by-nc-sa/4.0/
https://chem.libretexts.org/@go/page/30373?pdf
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Supplemental_Modules_(Physical_and_Theoretical_Chemistry)/Thermodynamics/Fundamentals_of_Thermodynamics/Free_Energy_and_Equilibrium

LibreTextsw

-CCH -0.5 0.5
-CN -0.25-0.15 0.15-0.25
-CgHs (-Ph) 2.9 2.9

Polysubstituted Cyclohexanes

1,4-disubstitution

The A-values of the substituents are roughly additive in either the cis- or trans-diastereomers.

CH; CH;3

—_— ° =0 keal/mol
H,c\m’ mcus 4G = 0 keal/mo

AM —= HL N\ cH, AG®=-2(1.74)=-3.48 kcal/mol
Hy

1,3-disubstitution

A-values are only additive in the trans-diastereomer:

e
088 ~\f 1088
S Chs

h

3.7 AG® = -(2(0.88) + 1(3.7)) = - 5.5 kcal/mol

When there are cis-substituents on the chair, there is a new interaction in the di-axial conformation:

In the above example, each methyl group has one 1,3-diaxial interaction with a hydrogen. The methyl groups also interact with

each other. This new diaxial interaction is extremely unfavorable based on their steric interaction (see: double-gauche pentane
conformation).
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6.6: Enthalpy and Entropy
Enthalpy

Thermodynamics is the study of the relationship between heat (or energy) and work. Enthalpy is a central factor in
thermodynamics. It is the heat content of a system. The heat that passes into or out of the system during a reaction is the enthalpy
change. Whether the enthalpy of the system increases (i.e. when energy is added) or decreases (because energy is given off) is a
crucial factor that determines whether a reaction can happen.

enthalpy increases enthalpy decreases

heat energy in heat energy out

Sometimes, we call the energy of the molecules undergoing change the "internal enthalpy". Sometimes, we call it the "enthalpy of
the system." These two phrases refer to the same thing. Similarly, the energy of the molecules that do not take part in the reaction is
called the "external enthalpy" or the "enthalpy of the surroundings".

Roughly speaking, the energy changes that we looked at in the introduction to thermodynamics were changes in enthalpy. We will
see in the next section that there is another energetic factor, entropy, that we also need to consider in reactions. For now, we will
just look at enthalpy.

o Enthalpy is the heat content of a system.
o The enthalpy change of a reaction is roughly equivalent to the amount of energy lost or gained during the reaction.
e A reaction is favored if the enthalpy of the system decreases over the reaction.

That last statement is a lot like the description of energetics on the previous page. If a system undergoes a reaction and gives off
energy, its own energy content decreases. It has less energy left over if it gave some away. Why does the energy of a set of
molecules change when a reaction occurs? To answer that, we need to think about what happens in a chemical reaction.

In a reaction, there is a change in chemical bonding. Some of the bonds in the reactants are broken, and new bonds are made to
form the products. It costs energy to break bonds, but energy is released when new bonds are made.

@H

heat energy in bond-breaking
heat energy out bond-making

Whether a reaction is able to go forward may depend on the balance between these bond-making and bond-breaking steps.
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Bond Breaking
- add energy Bond Making
- release energy
--------------------------------------- Overall Energy
Change
- more released
than added, in this
" case

e A reaction is exothermic if more energy is released by formation of new bonds than is consumed by breaking old bonds.
e A reaction is exothermic if weaker bonds are traded for stronger ones.
e A reaction is endothermic if bond-breaking costs more energy than what is provided in bond-making.

A

Bond Making

- release energy

Bond Breaking

- add energy V
Overall Energy

Change

- more added than
released in this case

Bond energies (the amount of energy that must be added in order to break a bond) are an important factor in determining whether a
reaction will occur. Bond strengths are not always easy to predict, because the strength of a bond depends on a number of factors.
However, lots of people have done lots of work measuring bond strengths, and they have collected the information in tables, so if
you need to know how strong a bond is, you can just look up the information you need.

Bond Bond Energy (kcal/mol) Bond Bond Energy (kcal/mol)
H-H 104 O-H 111

C-C 83 C-H 99

0=0 119 N-H 93

N=N 226 C=0 180

v/ Example 6.6.1

Suppose you wanted to know whether the combustion of methane were an exothermic or endothermic reaction. I am going to
guess that it's exothermic, because this reaction (and others like it) is used to provide heat for lots of homes by burning natural

gas in furnaces.

Solution

The "combustion" of methane means that it is burned in air, so that it reacts with oxygen. The products of burning
hydrocarbons are mostly carbon dioxide and water. The carbon atom in methane (CH,) gets incorporated into a carbon dioxide
molecule. The hydrogen atoms get incorporated into water molecules. There are four hydrogen atoms in methane, so that's

enough to make two molecules of H,O.

o Four C-H bonds must be broken in the combustion of methane.
e Four new O-H bonds are made when the hydrogens from methane are added into new water molecules.
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o Two new C=0 bonds are made when the carbon from methane is added into a CO, molecule.

The other piece of the puzzle is the oxygen source for the reaction. Oxygen is present in the atmosphere mostly as O,. Because
we need two oxygen atoms in the CO, molecule and two more oxygen atoms for the two water molecules, we need a total of
four oxygen atoms for the reaction, which could be provided by two O, molecules.

e Two O=0 bonds must be broken to provide the oxygen atoms for the products.

Altogether, that's four C-H and two O=0 bonds broken, plus two C=0 and four O-H bonds made. That's 4 x 99 kcal/mol for
the C-H bonds and 2 x 119 kcal/mol for the O=O bonds, a total of 634 kJ/mol added. The reaction releases 2 x 180 kcal/mol for
the C=0 bonds and 4 x 111 kcla/mol for the OH bonds, totaling 804 kcal/mol. Overall, there is 170 kcal/mol more released
than is consumed.

That means the reaction is exothermic, so it produces heat. It's probably a good way to heat your home.

Entropy

Observations of natural processes led a surprising number of chemists of the late 19th century (including Berthelot and Thomsen)
to conclude that all spontaneous reactions must be exothermic since:

¢ Objects roll downhill spontaneously (i.e., energy is "lost" from the system)
¢ Objects do not roll uphill spontaneously (i.e., energy does not suddenly appear from nowhere)

If this were true all we would need to predict whether a reaction is spontaneous is the change of enthalpy. If AH were negative, the
process should be able to occur by itself. If AH were positive, the reaction could not occur by itself.

Indeed, almost all exothermic reactions are spontaneous at standard thermodynamic conditions (1 atmosphere pressure) and 25°C.
However a number of common processes which are both endothermic and spontaneous are known. The most obvious are simple
phase changes, like ice melting at room temperature. Also, many solids dissolve in water and simultaneously absorb heat.

So the energy is now dispersed among the molecules of liquid water which have access to all kinds of molecular motion states that
were not available in the solid. At the same time, the ordered structure of the solid ice has given way to a much less organized
flowing liquid.

But the actual change has occurred in the energy dispersal. This subtle property that matter possesses in terms of the way energy is
dispersed in it is known as entropy. Entropy is sometimes erroneously referred to as "randomness" or even "disorder" but these
descriptions do not fit the state of energy as well as they seem to describe some of the often obvious results.

Just as reactions which form stronger bonds tend to occur spontaneously, energy is constantly being dispersed or "spread out"
in any process which either happens on its own or which we make happen.

It is the Second Law of Thermodynamics which gives us the criterion we are seeking to decide whether a reaction will be
spontaneous or not (well, almost...):

In a spontaneous process the entropy of the universe increases.

The "universe" is a pretty big place. Recall the definitions we used when we introduced chemical thermodynamics. The system is
that part of the universe on which we focus our attention--generally chemicals. The surroundings are everything else. Taken
together they constitute the universe.

So the Second Law could be written this way for a spontaneous process:

ASyys + ASqyy >0 (6.6.1)

Entropy trends and physical properties

(values in )

1. Entropy increases with mass
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o Fyy =203 J/mol'K

. Clg(g) =224 J/mol-K
* Bry (4 =245 J/mol'K
o I (9 =261 J/mol'K

2. Entropy increases with melting, vaporization or sublimation

o Ip(5) =117 J/mol-K vs. I5(y) = 261 J/mol-K and

o H>O0(y) =70J/mol’Kvs. HyO(, =189 J/mol'K

3. Entropy increases when solids or liquids dissolve in water

¢ CH3OH(®) = 127 J/mol'K vs. CH30H 4, = 132 J/mol'K and

e NaCl(s) = 72J/mol-K vs. Na+(aq) + Cl-(aq) = 115 J/mol-K

4. Entropy decreases when a gas is dissolved in water

o HCl, =187 vs. H(Zq) + Cl(_aq) =55

5. Entropy is lower in hard, brittle substances than in malleable solids like metals
¢ Diamond (C) = 2.4J/mol‘K vs. Pb = 65 J/mol-K

6. Entropy increases with chemical complexity

e NaCl=72J/mol'K vs. MgCly =90 J/mol-K vs. AlCl3 =167 J/mol-K

Of course, the main issue here is how entropy changes during a process. This can be determined by calculation from standard

entropy values (\(S/\O\)) in the same way that enthalpy changes are calculated:

Z Sz?roducts - Z S:eactants = Asﬁﬂm (6.6.2)

6.6: Enthalpy and Entropy is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by LibreTexts.
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6.7: Energy Diagrams

You may recall from general chemistry that it is often convenient to describe chemical reactions with energy diagrams. In an energy
diagram, the vertical axis represents the overall energy of the reactants, while the horizontal axis is the ‘reaction coordinate’,
tracing from left to right the progress of the reaction from starting compounds to final products. The energy diagram for a typical
one-step reaction might look like this:

_ Y R= reactants
R N P = products

Energy AG®, N

reaction

Despite its apparent simplicity, this energy diagram conveys some very important ideas about the thermodynamics and kinetics of
the reaction. Recall that when we talk about the thermodynamics of a reaction, we are concerned with the difference in energy
between reactants and products, and whether a reaction is ‘downhill’ (exergonic, energy releasing) or ‘uphill (endergonic, energy
absorbing). When we talk about kinetics, on the other hand, we are concerned with the rate of the reaction, regardless of whether it
is uphill or downhill thermodynamically.

First, let’s review what this energy diagram tells us about the thermodynamics of the reaction illustrated by the energy diagram
above. The energy level of the products is lower than that of the reactants. This tells us that the change in standard Gibbs Free
Energy for the reaction (AG’1x) is negative. In other words, the reaction is exergonic, or ‘downhill’. Recall that the AG’;x term
encapsulates both AH’ p,y, the change in enthalpy (heat) and AS°,x , the change in entropy (disorder):

AG° =AH® —TAS" (6.7.1)

where T is the absolute temperature in Kelvin. For chemical processes where the entropy change is small (~0), the enthalpy change
is essentially the same as the change in Gibbs Free Energy. Energy diagrams for these processes will often plot the enthalpy (H)
instead of Free Energy for simplicity.

The standard Gibbs Free Energy change for a reaction can be related to the reaction's equilibrium constant (\(K_{eq}\_) by a
simple equation:

AG" = -RTIK,, (6.7.2)

where:

. Keq = [product] / [reactant] at equilibrium
o R =8.314 JxK-1xmol or 1.987 calx K-1xmol-1
e T = temperature in Kelvin (K)

If you do the math, you see that a negative value for AG";x (an exergonic reaction) corresponds - as it should by intuition - to Keq
being greater than 1, an equilibrium constant which favors product formation.

In a hypothetical endergonic (energy-absorbing) reaction the products would have a higher energy than reactants and thus AG®,,
would be positive and K¢, would be less than 1, favoring reactants.
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energy —_— oo

reaction

Now, let's move to kinetics. Look again at the energy diagram for exergonic reaction: although it is ‘downhill’ overall, it isn’t a
straight downhill run.

transition state (TS)

Energy |

reaction

First, an ‘energy barrier’ must be overcome to get to the product side. The height of this energy barrier, you may recall, is called the
‘activation energy’ (AG¥). The activation energy is what determines the kinetics of a reaction: the higher the energy hill, the
slower the reaction. At the very top of the energy barrier, the reaction is at its transition state (TS), which is the point at which the
bonds are in the process of breaking and forming. The transition state is an ‘activated complex’: a transient and dynamic state that,
unlike more stable species, does not have any definable lifetime. It may help to imagine a transition state as being analogous to the
exact moment that a baseball is struck by a bat. Transition states are drawn with dotted lines representing bonds that are in the
process of breaking or forming, and the drawing is often enclosed by brackets. Here is a picture of a likely transition state for a
substitution reaction between hydroxide and chloromethane:

CH3Cl+HO™ — CH3;0H +Cl~ (6.7.3)
I
H
& | &
H—O------ G- Cl
H \H

This reaction involves a collision between two molecules: for this reason, we say that it has second order kinetics. The rate
expression for this type of reaction is:

rate = k[reactant 1][reactant 2]

.. . which tells us that the rate of the reaction depends on the rate constant k as well as on the concentration of both reactants. The
rate constant can be determined experimentally by measuring the rate of the reaction with different starting reactant concentrations.
The rate constant depends on the activation energy, of course, but also on temperature: a higher temperature means a higher k and a
faster reaction, all else being equal. This should make intuitive sense: when there is more heat energy in the system, more of the
reactant molecules are able to get over the energy barrier.

Here is one more interesting and useful expression. Consider a simple reaction where the reactants are A and B, and the product is
AB (this is referred to as a condensation reaction, because two molecules are coming together, or condensing). If we know the
rate constant k for the forward reaction and the rate constant K, for the reverse reaction (where AB splits apart into A and B),

we can simply take the quotient to find our equilibrium constant K,:
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This too should make some intuitive sense; if the forward rate constant is higher than the reverse rate constant, equilibrium should
lie towards products.

Organic Chemistry With a Biological Emphasis by Tim Soderberg (University of Minnesota, Morris)

Further Reading

MasterOrganicChemistry
Equilibria

Websites

Reversible and irreversible reactions
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6.8: Energy Diagram for a Two-Step Reaction Mechanism

A second model for a nucleophilic substitution reaction is called the 'dissociative’, or 'Sy1' mechanism: in this picture, the C-X
bond breaks first, before the nucleophile approaches:

R4 R
ﬁ/&nRz )]
X — [
Rs R3R2

This results in the formation of a carbocation: because the central carbon has only three bonds, it bears a formal charge of +1.
Recall that a carbocation should be pictured as sp? hybridized, with trigonal planar geometry. Perpendicular to the plane formed by
the three sp? hybrid orbitals is an empty, unhybridized p orbital.

Ri =2

R3h2

empty p orbital

%

In the second step of this two-step reaction, the nucleophile attacks the empty, 'electron hungry' p orbital of the carbocation to form
a new bond and return the carbon to tetrahedral geometry.

R1 @R‘I :Nu R1
AR, ); » . .
X /K _ Z Rz\\)\ inversion
Rs RsRa Ry Nu
or
R R4
Nu: 1
\, }@ )\"”Rz retention
E Nu R

RsR2

We saw that Sn2 reactions result specifically in inversion of stereochemistry at the electrophilic carbon center. What about the
stereochemical outcome of Sy1 reactions? In the model Sy1 reaction shown above, the leaving group dissociates completely from
the vicinity of the reaction before the nucleophile begins its attack. Because the leaving group is no longer in the picture, the
nucleophile is free to attack from either side of the planar, sp>-hybridized carbocation electrophile. This means that about half the
time the product has the same stereochemical configuration as the starting material (retention of configuration), and about half the
time the stereochemistry has been inverted. In other words, racemization has occurred at the carbon center. As an example, the
tertiary alkyl bromide below would be expected to form a racemic mix of R and S alcohols after an Sy1 reaction with water as the
incoming nucleophile.

HsC, Br

NE NN

H;0* HsC ;\OH HO \\\CH3

\)\/\ * \)\/\ +Bee

Exercise

Draw the structure of the intermediate in the two-step nucleophilic substitution reaction above.

The Sn1 reaction we see an example of a reaction intermediate, a very important concept in the study of organic reaction
mechanisms that was introduced earlier in the module on organic reactivity Recall that many important organic reactions do not
occur in a single step; rather, they are the sum of two or more discreet bond-forming / bond-breaking steps, and involve transient
intermediate species that go on to react very quickly. In the Sy1 reaction, the carbocation species is a reaction intermediate. A
potential energy diagram for an Sy1 reaction shows that the carbocation intermediate can be visualized as a kind of valley in the
path of the reaction, higher in energy than both the reactant and product but lower in energy than the two transition states.
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Exercise

Draw structures representing TS1 and TS2 in the reaction above. Use the solid/dash wedge convention to show three dimensions.

Recall that the first step of the reaction above, in which two charged species are formed from a neutral molecule, is much the
slower of the two steps, and is therefore rate-determining. This is illustrated by the energy diagram, where the activation energy for
the first step is higher than that for the second step. Also recall that an Syl reaction has first order kinetics, because the rate
determining step involves one molecule splitting apart, not two molecules colliding

Organic Chemistry With a Biological Emphasis by Tim Soderberg (University of Minnesota, Morris)

6.8: Energy Diagram for a Two-Step Reaction Mechanism is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated
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6.9: Kinetics

Activation Energy

Since exothermic reactions are energetically (thermodynamically) favored, a careless thinker might conclude that all such reactions will proceed
spontaneously to their products. Were this true, no life would exist on Earth, because the numerous carbon compounds that are present in and essential
to all living organisms would spontaneously combust in the presence of oxygen to give carbon dioxide-a more stable carbon compound. The combustion
of methane (eq.1), for example, does not occur spontaneously, but requires an initiating energy in the form of a spark or flame. The flaw in this careless
reasoning is that we have focused only on the initial (reactant) and final (product) states of reactions. To understand why some reactions occur readily
(almost spontaneously), whereas other reactions are slow, even to the point of being unobservable, we need to consider the intermediate stages of

reactions.
Exothermic Endothermic Exothermic
Single Step Reaction Single Step Reaction Two Step Reaction

Transition

Transition
State

Reactants

" _AER Products
Reactants

AE

—Energy =
—Energy =

Products

—Reaction Coordinate =

" Products

—Reaction Coordinate >

— Reaction Coordinate 5

Every reaction in which bonds are broken will have a high energy transition state that must be reached before products can form. In order for the
reactants to reach this transition state, energy must be supplied and reactant molecules must orient themselves in a suitable fashion. The energy needed
to raise the reactants to the transition state energy level is called the activation energy, AE*. An example of a single-step exothermic reaction profile is
shown on the left above, and a similar single-step profile for an endothermic reaction is in the center. The activation energy is drawn in red in each case,
and the overall energy change (AE) is in green.

The profile becomes more complex when a multi-step reaction path is described. An example of a two-step reaction proceeding by way of a high energy
intermediate is shown on the right above. Here there are two transition states, each with its own activation energy. The overall activation energy is the
difference in energy between the reactant state and the highest energy transition state. We see now why the rate of a reaction may not correlate with its
overall energy change. In the exothermic diagram on the left, a significant activation energy must be provided to initiate the reaction. Since the reaction
is strongly exothermic, it will probably generate enough heat to keep going as long as reactants remain. The endothermic reaction in the center has a
similar activation energy, but this will have to be supplied continuously for the reaction to proceed to completion.

What is the source of the activation energy that enables a chemical reaction to occur? Often it is heat, as noted above in reference to the flame or spark
that initiates methane combustion. At room temperature, indeed at any temperature above absolute zero, the molecules of a compound have a total
energy that is a combination of translational (kinetic) energy, internal vibrational and rotational energies, as well as electronic and nuclear energies. The
temperature of a system is a measure of the average kinetic energy of all the atoms and molecules present in the system. As shown in the following
diagram, the average kinetic energy increases and the distribution of energies broadens as the temperature is raised from T; to T,. Portions of this
thermal or kinetic energy provide the activation energy for many reactions, the concentration of suitably activated reactant molecules increasing with
temperature, e.g. orange area for T; and yellow plus orange for T,. (Note that the area under a curve or a part of a curve is proportional to the number of
molecules represented.)

lower
temperature oo

1 Energy

T higher
temperature

Distribution of Molecular Kinetic Energy
at Two Different Temperatures, T & T,

Relative Number
of Moleculed —=

—Kinetic Energy —s

Reaction Rates and Kinetics

Chemical reactivity is the focus of chemistry, and the study of reaction rates provides essential information about this subject. Some reactions proceed so
rapidly they seem to be instantaneous, whereas other reactions are so slow they are nearly unobservable. Most of the reactions described in this text take
place in from 0.2 to 12 hours at 25 °C. Temperature is important, since fast reactions may be slowed or stopped by cooling, and slow reactions are
accelerated by heating. When a reaction occurs between two reactant species, it proceeds faster at higher concentrations of the reactants. These facts

lead to the following general analysis of reaction rates.
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Number of Collisions Fraction of Collisions an Orientational
between Reactant Molecules with Sufficient Energy or Probability
Reaction Rate = per Unit of Time © to pass the Transition State® Factor

Since reacting molecules must collide to interact, and the necessary activation energy must come from the kinetic energy of the colliding molecules, the
first two factors are obvious. The third (probability) factor incorporates the orientational requirements of the reaction. For example, the addition of
bromine to a double bond at the end of a six-carbon chain (1-hexene) could only occur if the colliding molecules came together in a way that allowed
the bromine molecule to interact with the pi-electrons of the double bond.

The collision frequency of reactant molecules will be proportional to their concentration in the reaction system. This aspect of a reaction rate may be
incorporated in a rate equation, which may take several forms depending on the number of reactants. Three general examples are presented in the

following table.
Reaction Type Rate Equation Reaction Order
A > B Reaction Rate = ke[A] First Order Reaction (no collision needed)
A+B >C+D Reaction Rate = ke[A]*[B] Second Order Reaction
A+A >D Reaction Rate = ke[A]? Second Order Reaction

These rate equations take the form Reaction Rate = k[X]"[Y]™, where the proportionality constant k reflects the unique characteristics of a specific
reaction, and is called the rate constant. The concentrations of reactants X and Y are [X] and [Y] respectively, and n & m are exponential numbers
used to fit the rate equation to the experimental data. The sum n + m is termed the kinetic order of a reaction. The first example is a simple first order
process. The next two examples are second order reactions, since n + m = 2. The kinetic order of a reaction is usually used to determine its molecularity.

In writing a rate equation we have disconnected the collision frequency term from the activation energy and probability factors defined above, which are
necessarily incorporated in the rate constant k. This is demonstrated by the following equation.

+
Rate Constant (k) = &g 2E /RT

The complex parameter A incorporates the probability factor. Because of the exponential relationship of k and the activation energy small changes in
AEF will cause relatively large changes in reaction rate. An increase in temperature clearly acts to increase k, but of greater importance is the increase in
average molecular kinetic energy such an increase produces. This was illustrated in a previous diagram, increase in temperature from T; to T, producing
a larger proportion of reactant molecules having energies equal or greater than the activation energy (designated by the red line.

Contributors
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6.10: Catalysts

We come now to the subject of catalysis. Our hypothetical bowl of sugar (from section 6.2) is still stubbornly refusing to turn into
carbon dioxide and water, even though by doing so it would reach a much more stable energy state. There are, in fact, two ways
that we could speed up the process so as to avoid waiting several millennia for the reaction to reach completion. We could supply

enough energy, in the form of heat from a flame, to push some of the sugar molecules over the high energy hill. Heat would be
released from the resulting exothermic reaction, and this energy would push more molecules over their energy hills, and so on - the
sugar would literally burn up.

A second way to make the reaction go faster is to employ a catalyst. You probably already know that a catalyst is an agent that
causes a chemical reaction to go faster by lowering its activation energy.

TSuncac
A

A

X upper route: uncatalyzed
;
/ | lower route: catalyzed

energy '

reaction

How might you catalyze the conversion of sugar to carbon dioxide and water? It’s not too hard — just eat the sugar, and let your
digestive enzymes go to work catalyzing the many biochemical reactions involved in breaking it down. Enzymes are proteins, and
are very effective catalysts. “Very effective’ in this context means very specific, and very fast. Most enzymes are very selective
with respect to reactant molecules: they have evolved over millions of years to catalyze their specific reactions. An enzyme that
attaches a phosphate group to glucose, for example, will not do anything at all to fructose (the details of these reactions are
discussed in section 10.2B).
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glucose kinase

“"OH

glucose

OH
HO

"OH

no reaction
glucose kinase

HO  OH
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Glucose kinase is able to find and recognize glucose out of all of the other molecules floating around in the 'chemical soup' of a
cell. A different enzyme, fructokinase, specifically catalyzes the phosphorylation of fructose.

We have already learned (section 3.9) that enzymes are very specific in terms of the stereochemistry of the reactions that they

catalyze . Enzymes are also highly regiospecific, acting at only one specific part of a molecule. Notice that in the glucose kinase
reaction above only one of the alcohol groups is phosphorylated.

Finally, enzymes are capable of truly amazing rate acceleration. Typical enzymes will speed up a reaction by anywhere from a
million to a billion times, and the most efficient enzyme currently known to scientists is believed to accelerate its reaction by a
factor of about 107

(see Chemical and Engineering News, March 13, 2000, p. 42 for an interesting discussion about this enzyme,
orotidine monophosphate decarboxylase).
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We will now begin an exploration of some of the basic ideas about how enzymes accomplish these amazing feats of catalysis, and
these ideas will be revisited often throughout the rest of the text as we consider various examples of enzyme-catalyzed organic
reactions. But in order to begin to understand how enzymes work, we will first need to learn (or review, as the case may be) a little
bit about protein structure.

Organic Chemistry With a Biological Emphasis by Tim Soderberg (University of Minnesota, Morris)

6.10: Catalysts is shared under a CC BY-NC-SA 4.0 license and was authored, remixed, and/or curated by LibreTexts.
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6.11: Enzymes

The active site

A critical element in the three-dimensional structure of any enzyme is the presence of an ‘active site’, which is a pocket, usually
located in the interior of the protein, that serves as a docking point for the enzyme’s substrate(s) (‘substrate’ is the term that
biochemists use for a reactant molecule in an enzyme-catalyzed reaction). It is inside the active site pocket that enzymatic catalysis
occurs. Shown below is an image of the glycolytic enzyme fructose-1,6-bisphosphate aldolase, with its substrate bound inside the
active site pocket.

When the substrate binds to the active site, a large number of noncovalent interactions form with the amino acid residues that line
the active site. The shape of the active site, and the enzyme-substrate interactions that form as a result of substrate binding, are
specific to the substrate-enzyme pair: the active site has evolved to 'fit' one particular substrate and to catalyze one particular
reaction. Other molecules do not fit in this active site nearly so well as fructose 1,6-bisphosphate.

Here are two close-up views of the same active site pocket, showing some of the specific hydrogen-bonding interactions between
the substrate and active site amino acids. The first image below is a three-dimensional rendering directly from the crystal structure
data. The substrate is shown in 'space-filling' style, while the active site amino acids are shown in the 'ball and stick' style.
Hydrogens are not shown. The color scheme is grey for carbon, red for oxygen, blue