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Introduction

Welcome to Organic Chemistry Il For Dummies. We're certainly happy
you decided to delve further into the fascinating world of organic

chemistry. It’s a complex area of chemistry, but understanding organic
chemistry isn’t really that difficult. It simply takes hard work, attention to
detail, some imagination, and the desire to know. Organic chemistry, like
any area of chemistry, is not a spectator sport. You need to interact with the
material, try different study techniques, and ask yourself why things happen
the way they do.

Organic Chemistry Il is a more intricate course than the typical freshman
introductory chemistry course, and you may find that it’s also more involved
than Organic I. You may actually need to use those things you learned (and
study habits you developed) in Organic I to be successful in Organic II. But if
you work hard, you can get through your Organic Il course. More importantly,
you may grow to appreciate the myriad chemical reactions that take place in
the diverse world of organic chemistry.

About This Book

3

Organic Chemistry Il For Dummies is an overview of the material covered in
the second half of a typical college-level organic chemistry course. We have
made every attempt to keep the material as current as possible, but the field
of chemistry is changing ever so quickly as new reactions are developed
and the fields of biochemistry and biotechnology inspire new avenues of
research. The basics, however, stay the same, and they are where we
concentrate our attention.

As you flip through this book, you see a lot of chemical structures and
reactions. Much of organic chemistry involves knowing the structures of the
molecules involved in organic reactions. If you're in an Organic Chemistry II
course, you made it through the first semester of organic chemistry, so you
recognize many of the structures, or at least the functional groups, from your
previous semester’s study.

If you bought this book just to gain general knowledge about a fascinating
subject, try not to get bogged down in the details. Skim the chapters. If you find
a topic that interests you, stop and dive in. Have fun learning something new.

If you're taking an organic chemistry course, you can use this rather
inexpensive book to supplement that very expensive organic textbook.
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Conventions Used in This Book

We have organized this book in a logical progression of topics; your second
semester organic chemistry course may progress similarly. In addition, we
set up the following conventions to make navigating this book easier:

v Italics introduce new terms that you need to know.

1 Bold text highlights keywords within a bulleted list.

1 We make extensive use of illustrations of structures and reactions. While
reading, try to follow along in the associated figures, whether they be
structures or reactions.

What Vou're Not to Read

You don’t have a whole lot of money invested in this book, so don’t feel
obliged to read what you don’t need. Concentrate on the topic(s) in which
you need help. Feel free to skip over any text in a gray shaded box (which we
refer to as sidebars). Although interesting, they aren’t required reading.

Foolish Assumptions

We assume — and we all know about the perils of assumptions — that you
are one of the following:
v A student taking a college-level organic chemistry course.

v A student reviewing organic chemistry for some type of standardized
exam (the MCAT, for example).

v An individual who just wants to know something about organic
chemistry.

If you fall into a different category, you're special and we hope you enjoy this
book anyway.
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How This Book Is Organized

The topics in this book are divided into six parts. Use the following descriptions
and the table of contents to map out your strategy of study.

Part I: Brushing Up on Important
Organic Chemistry | Concepts

Part | is really a rapid review of many of the concepts found in an Organic
Chemistry I course. It’s designed to review the topics that you need in
Organic II. We set the stage by giving you an overview of Organic Chemistry
II, and then review mechanisms. Next we cover alcohols and ethers, their
properties, synthesis, and reactions; followed by an overview of conjugated
unsaturated systems. We end this review section with a discussion of
spectroscopy, including IR, UV-visible, mass spec, and, of course, NMR. A
whirlwind tour of Organic I!

Part 1I: Discovering Aromatic (And
Not So Aromatic) Compounds

In Part Il we concentrate on aromatic systems, starting with the basics of
structure and properties of benzene and then moving on to related aromatic
compounds. We even throw in a section of spectroscopy of aromatic
compounds. Chapters 7 and 8 finish up this part by going into detail about
substitution reactions of aromatic compounds. You find out all you ever
wanted to know (and maybe more) about electrophilic and nucleophilic
substitutions, along with a little about elimination reactions.

Part I1I: Carbonyls: Good
Alcohols Gone Bad

In Part Ill we cover that broad category of organic compounds called the
carbonyls. First we give you an overview of carbonyl basics, including
structure, reactivity, and spectroscopy. Then we go into more detail on
aldehydes and ketones, enols and enolates, and carboxylic acids and their
derivatives.
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Part IU: Advanced Topics (Every
Student’s Nightmare )

In Part IV we start by taking a closer look at nitrogen compounds and their
structure, reactivity, and reactions. Then we move on to organometallic
compounds, where we meet the infamous Grignard reaction. We then finish
up this part by addressing some more-involved reactions of the carbonyls
and biomolecules. You pick up some good hints for synthesis and roadmaps
here.

Part U: Pulling It All Together

In Part V we show you how to pull all the previous information together
and use it to develop strategies for designing synthesis reactions. We talk
about both one-step and multistep synthesis as well as retrosynthetic
analysis. Then we tackle the dreaded organic roadmaps. (We all wish we
had an organic chemistry GPS here.)

Part Ul: The Part of Tens

In this final part of the book we discuss ten surefire ways to flunk your
organic chemistry class (so you know what to avoid) along with ten ways to
increase your grade on those organic chemistry exams.

Icons Used in This Book

WMBER
“&
&
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If you have ever read other For Dummies books (such as the wonderful
Chemistry For Dummies or Biochemistry For Dummies, written by yours truly
and published by Wiley), you recognize the icons used in this book. The
following four icons can guide you to certain kinds of information:

This icon is a flag for those really important things that you shouldn’t forget as
you go deeper into the world of organic chemistry.

We use this icon to alert you to a tip on the easiest or quickest way to learn
a concept. Between the two of us, we have almost 70 years of teaching
experience. We've learned a few tricks along the way and we don’t mind
sharing.
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The warning icon points to a procedure or potential outcome that can be
dangerous. We call it our Don’t-Try-This-At-Home icon.

We try to avoid getting too technical throughout this book (believe it or not),
but every now and then we can’t help but throw something in that is a little
more in-depth than you might need. You won’t hurt your education by
skipping it.

Where to Go from Here

The answer to this question really depends of your prior knowledge and
goals. As with all For Dummies books, this one attempts to make all the
chapters independent so that you can dive right into the material that’s
causing you trouble without having to read other chapters first. If you feel
comfortable with the topics covered in Organic Chemistry I, feel free to skip
Part L. If you want a general overview of organic chemistry, skim the remainder
of the book. Take a deeper plunge into a chapter when you find a topic that
interests you or one in which you really need help.

And for all of you, no matter who you are or why you’re reading this book,
we hope you have fun reading it and that it helps you to understand and
appreciate organic chemistry.

5
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Part |

Brushing Up on
Important Organic
Chemistry | Concepts

The Sth Wave By Rich Tennant

JASON WAS ALWAYS LATE FOR CLASSES
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In this part . . .

part [ is a review of some general chemistry and
Organic Chemistry [ topics you need a firm grounding
in before moving on to Organic Chemistry II. Different
books and different instructors break Organic I and
Organic Il material at different places. We use the most
common break, but some Part I material may, in fact, be
new to you. Even if you covered these concepts last
semester, some of them have a high vapor pressure and
may have escaped between semesters.

We begin by bringing you up to speed on mechanisms and
reminding you how to push electrons around with those
curved arrows. We jog your memory with a discussion of
substitution and elimination reactions and their mecha-
nisms, in addition to free radical reactions. Next you
review the structure, nomenclature, synthesis, and reac-
tions of alcohols and ethers, and then you get to tackle
conjugated unsaturated systems. Finally, we remind you
of spectroscopic techniques, from the IR fingerprints to
NMR shifts. The review in this part moves at a pretty fast
pace, but we’re sure you can keep up.




Chapter 1

Organic Chemistry II:
Here We Go Again!

In This Chapter

Reviewing the material you learned in Organic I

Previewing what you find out in Organic Il

f you're looking at this chapter, it’s probably because you're getting ready

to take the second half of organic chemistry, are in the midst of Organic
II, or you're trying to figure out what Organic Il covers in time to change your
major from pre-med to art history. In any respect, you probably successfully
completed Organic Chemistry I. Many of the study techniques (and coping
mechanisms) you learned that helped you do well in Organic I are helpful in
Organic II. The two primary things to remember are

v Never get behind.

v Carbon has four bonds.

In this book we use larger, more complex molecules than you may have
encountered in Organic I. We chose to do this because, firstly, that’s the
nature of Organic Il — larger and more complex molecules. Secondly, many
of you will be taking biochemistry at some point, and to succeed in that
subject you need to become comfortable with large, involved molecules. (If
you do take biochemistry, be sure to check out Biochemistry For Dummies by
John T. Moore and Richard H. Langley [Wiley]. We understand the authors
are really great guys.)

To get you started, this chapter does a quick review of the topics commonly
found in Organic I, and then gives an overview of what we cover in Organic II.
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Recapping Organic Chemistry |

In Organic I you learned that organic chemistry is the study of carbon
compounds. Until the mid-1800s, people believed that all carbon compounds
were the result of biological processes requiring a living organism. This

was called the vital force theory. The synthesis (or formation) of urea from
inorganic materials showed that other paths to the production of carbon
compounds are possible. Many millions of organic compounds exist because
carbon atoms form stable bonds to other carbon atoms. The process of one
type of atom bonding to identical atoms is catenation. Many elements can
catenate, but carbon is the most effective, with apparently no limit to how
many carbon atoms can link together. These linkages may be in chains,
branched chains, or rings, providing a vast combination of compounds.

Carbon is also capable of forming stable bonds to a number of other elements,
including the biochemically important elements hydrogen, nitrogen, oxygen,
and sulfur. The latter three elements form the foundation of many of the
functional groups you studied in Organic I.

Intermolecular forces

You also learned about intermolecular forces in Organic I. Intermolecular
forces (forces between chemical species) are extremely important in
explaining the interaction between molecules. Intermolecular forces that
you saw in Organic I and see again in Organic Il include dipole-dipole interac-
tions, London, hydrogen bonding, and sometimes ionic interactions.

Dipole-dipole forces exist between polar regions of different molecules. The
presence of a dipole means that the molecule has a partially positive (6+) end
and a partially negative (6-) end. Opposite partial charges attract each other,
whereas like partial charges repel.

Hydrogen bonding, as the name implies, involves hydrogen. This hydrogen
atom must be bonded to either an oxygen atom or a nitrogen atom. (In non-
biological situations, hydrogen bonding also occurs when a hydrogen atom
bonds to a fluorine atom.) Hydrogen bonding is significantly stronger than a
normal dipole-dipole force, and is stronger than London dispersion forces,
the forces between nonpolar molecules due to the fluctuations of the electron
clouds of atoms or molecules. The hydrogen bonded to either a nitrogen or
oxygen atom is strongly attracted to a different nitrogen or oxygen atom.
Hydrogen bonding may be either intramolecular or intermolecular.



Chapter 1: Organic Chemistry II: Here We Go Again!

In organic reactions, ionic interactions may serve as intermolecular or
intramolecular forces. In some cases, these may involve metal cations, such
as Na‘, or anions, such as Cl-. Cations may include an ammonium ion from an
amino group, such as RNH,". The anion may be from a carboxylic acid, such
as RCOO. The oppositely charged ions attract each other very strongly.

Functional groups

Carbon is an extremely versatile element because it can form many different
compounds. Most of the compounds have one or more functional groups,
which contain atoms other than carbon and hydrogen and/or double or triple
bonds, and define the reactivity of the organic molecule.

In Organic I you probably started with the hydrocarbons, compounds of
carbon and hydrogen, including the alkenes and alkynes that contained
double and single bonds, respectively. Then you probably touched on some
of the more common functional groups, such as alcohols and maybe even
some aromatic compounds.

Reactions

You encountered a lot of reactions in Organic I. Every time you encountered
a different functional group, you had a slew of reactions to learn. Reactions

that told how the functional group could be formed, common reactions that
the functional group underwent — reactions, reactions, and more reactions.

Two of the most important ones you learned were substitution and elimination
reactions: Sy1, Sy 2, E1, and E2. We hope you learned them well, because
you'll be seeing them again quite often.

Spectroscopy

In Organic [ you probably learned a lot about the different types of spectroscopy
and how they’re used in structure determinations. You discovered how mass
spectroscopy can give you an idea about molar mass and what fragments
may be present in the molecule. You found out that infrared spectroscopy
can be used to identify functional groups, and you learned to look at the
fingerprint region. Then finally you progressed to nuclear magnetic resonance
(NMR) spectroscopy, one of the main tools of organic chemists, which can
be used to interpret chemical shifts and splitting patterns to give you more
clues about structure.

11
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|
Figure 1-1:
Cis and
trans
isomers.
|

Isomerism and optical activity

During Organic [ you were exposed to the concepts associated with
isomerism and optical activity. You need to be familiar with these concepts
in Organic I, so we take a few minutes here for a brief review.

Isomers are compounds with the same molecular formula but different
structural formulas. Some organic and biochemical compounds may exist in
different isomeric forms, and these different isomers have different properties.
The two most common types of isomers in organic systems are cis-trans
isomers and isomerism due to the presence of a chiral carbon.

Cis-trans isomers

The presence of carbon-carbon double bonds leads to the possibility of
isomers. Double bonds are rather restrictive and limit molecular movement.
Groups on the same side of the double bond tend to remain in that position
(cis), while groups on opposite sides tend to remain across the bond from
each other (trans). You can see an example of each in Figure 1-1. However, if
the two groups attached to either of the carbon atoms of the double bond are
the same, cis-trans isomers are not possible. Cis isomers are the normal form
of fatty acids, but processing tends to convert some of the cis isomers to the
trans isomers.

H Cl H
/ /
\C e \C: C
/ \ / \
Cl Cl H Cl
Cis isomer Trans isomer

Cis-trans isomers are also possible in cyclic systems. The cis form has similar
groups on the same side of the ring, while the trans form has similar groups
above and below the ring.

Chiral compounds

A carbon atom with four different groups attached is chiral. A chiral carbon
rotates plane-polarized light, light whose waves are all in the same plane, and
has an enantiomer (non-superimposable mirror image). Rotation, which may
be either to the right (dextrorotatory) or to the left (levorotatory), leads to
one optical isomer being d and the other being [. Specific rotation (represented
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|
Figure 1-2:
Representa-
tionsof a
molecule
with two
chiral
centers.
|

by [(x];, where o = observed rotation, T = temperature, and D = sodium D line)
is a measure of the ability of a compound to rotate light. The specific rotation
comes from the observed rotation (o) divided by the product of the concen-
tration of the solution and the length of the container. Other than optical
activity, the physical properties of enantiomers are the same.

A racemic mixture is a 50:50 mixture of the enantiomers.

A meso compound is a compound with chiral centers and a plane of symmetry.
The plane of symmetry leads to the optical rotation of one chiral carbon
cancelling the optical rotation of another.

Diastereomers are stereoisomers that aren’t enantiomers.

R-S notation is a means of designating the geometry around the chiral center.
This method requires the groups attached to the chiral center to be priori-
tized in order of decreasing atomic weight. To assign the center, place the
lowest priority group (the group with the lowest atomic weight) on the far
side and count the remaining groups as 1, 2, and 3. Counting to the right is R
and counting to the left is S. Any similarity between d and / and R and S is
coincidental.

Some important organic compounds have more than one chiral center.
Multiple chiral centers indicate the presence of multiple stereoisomers.
The maximum number of stereoisomers is 2" where n is the number of non-
identical chiral centers. Figure 1-2 shows the four stereoisomers present in
a molecule with two chiral centers. Non-superimposable mirror images are
enantiomers, while the other species in the figure are diastereomers. Unlike
enantiomers, diastereomers have different physical properties.

C|)H20H C|)H20H C|)H20H C|)H20H
H—C—O0 HO—C—H H—C— OH HO—*(|3—H
HO—C—H H *c|:—0H H—C|* OH  HO *C|)—H

C C C C

NN = NN =
o o 0 H TR o H

\Enantiomers \ Enantiomers/

/N

Diastereomers
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|
Figure 1-3:
The Fischer
projection
formulas.
|

Emil Fischer developed a method of drawing a compound to illustrate which
stereoisomer is present. Drawings of this type, called Fischer projection formulas,
are very useful in biochemistry. In a projection formula, a chiral carbon is
placed in the center of a + pattern. The vertical lines (bonds) point away
from the viewer, and the horizontal lines point towards the viewer. Fischer
used the D designation if the most important group was to the right of the
carbon, and the L designation if the most important group was to the left of
the carbon. (See Figure 1-3.)

CHO CHO
H—C—OH HO—C—H

CH,OH CH,OH
D-glyceraldehyde L-glyceraldehyde

The use of D and L is gradually being replaced by the R and S system of
designating isomers, which is particularly useful when more than one chiral
carbon atom is present.

Looking Ahead to Organic Chemistry ]I

One of the keys to Organic Il is mechanisms, the specific way in which a
reaction proceeds. Recall from Organic I that this involves pushing around
electrons, showing where they’re going with curved arrows. We give you a
good review of these concepts in Chapter 2, along with some basic reaction
moves.

In Chapter 3 we go into some depth about alcohols and ethers. Like Organic I,
when we encounter a new functional group we examine the structure,
nomenclature, properties, synthesis, and reactions. In some courses and
textbooks, alcohols are covered in the first semester, but for those readers who
haven’t gotten to them yet, we include them in this book. If you're already
comfortable with that material, please feel free to skip that chapter and go on
to another.
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Conjugated unsaturated systems are an important part of organic chemistry,
so in Chapter 4 we spend a little time talking about those systems, setting the
stage for our discussion of aromatic compounds that you can find in Chapter 6.

To bring you up to speed on spectroscopy, we cover the basics in Chapter 5.
We give you the executive summary on infrared (IR), ultraviolet-visible
(UV-vis), mass spectrometry (mass spec), and nuclear magnetic resonance
(NMR). In addition, many of the chapters in this book have a spectroscopy
section at the end where we simply cover the essentials concerning the
specific compounds that you study in that chapter.

Aromatic compounds and their reactions are a big part of any Organic Il
course. We introduce you to the aromatic family, including the heterocyclic
branch, in Chapter 6. (You may want to brush up on the concept of resonance
beforehand.) Then in Chapters 7 and 8, you find out more than you ever
wanted to know about aromatic substitution reactions, starring electrophiles
and nucleophiles.

Another important part of Organic Il is carbonyl chemistry. We look at the
basics of the carbonyls in Chapter 9. It’s like a family reunion where I (John,
one of your authors) grew up in North Carolina — everybody is related. You
meet aldehydes, ketones, carboxylic acids, acyl chlorides, esters, amides, and
on and on. It’s a quick peek, because later we go back and examine many of
these in detail. For example, in Chapter 10 you study aldehydes and ketones,
along with some of the amines, while in Chapter 11 we introduce you to other
carbonyl compounds, enols and enolates, along with nitroalkanes and nitriles.

Carboxylic acids and their derivatives are also an important part of Organic
II. We spend quite a few pages looking at the structure, nomenclature,
synthesis, reactions, and spectroscopy of carboxylic acids. While on this
topic in Chapter 12, we use a lot of acid-base chemistry, most of which you
were exposed to in your introductory chemistry course. (For a quick review,
look over a copy of Chemistry For Dummies or Chemistry Essentials For
Dummies, both written by John T. Moore and published by Wiley.)

Carbon compounds that also contain nitrogen, such as the amines, play a
significant part of any Organic Il course. You encounter more acid-base
chemistry with the amines, along with some more reactions. We hit this topic
in Chapter 13 and give you some tips for multistep synthesis.

You probably haven’t considered the fact that some organic compounds may
contain a metal, so we give you an opportunity to become familiar with the
organometallics in Chapter 14. In this chapter you meet the Grignard reaction.
It’s a very important organic reaction that you may have the opportunity to
run in organic lab.
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You just can’t get away from those carbonyls, so you get another taste of
these reactions, many of them named reactions, in Chapter 15. You may be
able to avoid biomolecules if your course doesn’t cover them, but if it does,
Chapter 16 is there for you.

Finally, what’s a good organic course without multistep and retrosynthesis
along with roadmaps? We hope that our tips can ease your pain at this point.
Roadmaps are the bane of most organic chemistry students, but just hang

in there. There is life after organic chemistry, and you may just find in the
end that you actually enjoyed organic. And for those of you who missed

the chemical calculations, there’s always quantitative analysis and physical
chemistry.



Chapter 2

Remembering How We Do It:
Mechanisms

In This Chapter

Analyzing arrows
Breaking down basic moves
Contemplating combining basic moves

Mastering free-radical mechanisms

M echanisms are the key to organic chemistry. Understanding the
mechanism allows organic chemists to control the reaction and to

avoid unwanted side reactions. Understanding the mechanism many times
allows chemists to increase the yield of product.

In this chapter you review the basics of mechanisms and their conventions
and look at some of the more common ways that electrons shift during a
reaction. You also see how these individual steps can fit together in the
overall reaction mechanism and apply some of these techniques in free-
radical mechanisms.

Duck — Here Come the Arrow's

Many types of arrows are used in organic chemistry, and each of them conveys
information about the particular reaction. These arrows include the resonance
arrow, equilibrium arrow, reaction arrow, double-headed arrow, and single-
headed arrow.

The resonance arrow, a single line with arrow heads at both ends (see

Figure 2-1), separates different resonance structures. The actual structure is
a weighted average of all resonance forms. More resonance forms usually
indicate a more stable structure. One or more of the resonance structures
may be useful in predicting what will happen during a reaction (a mechanism).
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Figure 2-1:
The
resonance
arrow.
|

|
Figure 2-2:
The equilib-
rium arrows.
|

|
Figure 2-3:
The reaction
arrow.
|

The equilibrium arrow, which has two lines pointing in opposite directions
(see Figure 2-2), separates materials that are in equilibrium. Materials on
each side of the arrow are present. Unlike a resonance arrow, the materials
actually exist and aren’t a hybrid. If one of the arrows is longer than the other
is, it indicates that one side of the equilibrium predominates over the other.

A reaction arrow, a single arrow pointing in one direction (see Figure 2-3),
simply separates the reactants from the products. The use of this arrow usu-
ally indicates that the reaction proceeds in only one direction (unlike the
equilibrium arrow).

Double- and single-headed curved arrows indicate the movement of electrons.
Double-headed curved arrows (shown in Figure 2-4a) show the movement of
two electrons, whereas single-headed curved arrows (Figure 2-4b) indicate

the movement of one electron. The electrons always move in the direction
indicated by the arrow. The head (point) of the arrow is where the electron is
going, and the tail is the electron’s source.



|
Figure 2-4:
Curved
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Coming Around to Curved Arrows
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Mechanisms, like resonance structures, utilize curved arrows. (Resonance
structures are ways of illustrating the various resonance forms that contribute
to the resonance hybrid. If you need more review, refer to Organic Chemistry I
For Dummies.) Many of the same rules apply to both; however, there are some
important differences:

v In resonance, the electrons don’t actually move, whereas in mechanisms
there is an actual movement of electrons.

v In resonance, you should never, ever break a single bond; however,
many mechanisms involve the breaking of a single bond. Nonetheless,
you should never, ever exceed an octet of electrons for any atom in the
second period.

A mechanism provides a means toward understanding why a reaction
occurred. When you understand why a reaction occurred, you're much
closer to understanding organic chemistry. Reactions involve the breaking
and the forming of bonds. The mechanism shows how the electrons move
(flow) to break old bonds and to form new bonds. Curved arrows indicate the
flow of the electrons from the nucleophile (electron donor) to the electrophile
(electron acceptor).

To be successful in organic chemistry, you must know the mechanism for the
reaction you're studying.

19
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Mechanisms in this book are, in general, advanced examples of mechanisms
appearing in Organic Chemistry I For Dummies. A college organic chemistry
course presents very few completely new mechanisms. Perfecting a few
mechanisms goes a long way toward understanding all reaction mechanisms,
and, therefore, all organic reactions. Although many students feel that
memorization is important, understanding the mechanism is what’s neces-
sary to comprehend organic chemistry. If you simply memorize mechanisms,
you’ll become hopelessly confused by even minor changes; however, if you
understand a mechanism thoroughly, you can accommodate any changes.

Keep two things in mind when drawing curved arrows: The tail of the arrow
needs to be in the right place, and the head of the arrow needs to be in the
right place. (Simple, right?) Don’t forget that electrons occupy orbitals. Other
than radicals, the electrons in the orbitals are either bonding pairs or lone
pairs. This means that the tail of the curved arrow must be at a lone pair or a
bonding pair. (A radical may have the tail of the curved half arrow originating at
the unpaired electron.) The head of the curved arrow indicates where a lone
pair is going or where a bond will form.

Getting Ready for Some Basic Moves

a\\J

The tail of a curved arrow has two possible positions, and the head of a
curved arrow has two possible positions. This means that, in theory, four
combinations are possible. These combinations are

+* Bond — lone pair

+ Bond — bond

v Lone pair — bond

v Lone pair — lone pair

The last combination doesn’t work, at least not in a single step, because it
tends to force an atom to exceed an octet. This leaves only three important

types.

The basic idea behind these reactions is the same: An electron-rich atom with
a lone pair (a nucleophile) donates that lone pair to an electron-poor atom (an
electrophile).
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Figure 2-6:
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|
Figure 2-7:
Two
electron-
pair
movements.
|

Bond — lone pair

An example of the bond-to-lone pair combination is shown in Figure 2-5. In
this example, the tail of the curved arrow begins at the bonding pair. The
head of the curved arrow is at the chlorine atom where it forms a lone pair.
The overall charge doesn’t change. The original compound was neutral (0
charge), the products are +1 -1 = 0.

CHzCHoCH; CHCHCH,
CH3—C£C'I: —_— CHs@C + Cp
CHQCHg CHZCH3

Bond — bond

An example of a bond-to-bond step is shown in Figure 2-6. The tail of the
curved arrow begins at one of the bonding pairs of the double bond (the
n-bond), while the head points to where the new n-bond will form.

ey — A e

A more common example of this process involves two arrows and the shifting of
two electron pairs. An example of this process is shown in Figure 2-7. The tail
of the curved arrow again begins at one of the bonding pairs of the n-bond,
while the head points to where the new bond will form. This movement
forces the bonding pair between the hydrogen and oxygen to move to the
oxygen atom to create a lone pair on the oxygen atom.

@-- .o
/\HTIO—H H :0—H
—
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|
Figure 2-8:
Lone pair—
to—-bond
movement.
|

When more than one curved arrow is present, they should all point in the
same general direction and never toward each other or away from each
other. However, curved single-headed arrows do not necessarily follow this
rule.

Lone pair — bond

An example of the lone pair-to-bond step is shown in Figure 2-8. In this step,
the tail of the curved arrow begins at the lone pair. The head of the curved
arrow is going to form the C-N bond. Notice that there’s conservation of the
positive charge. In any mechanism, the overall charge must remain the same.

. ®
)\'/_\.NHg NH,
@

Combining the Basic Moves
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|
Figure 2-9:
Conversion
of t-butyl
alcohol to
t-butyl
chloride.
|

A common error in a mechanism is to attempt to do too much in a single
mechanism step, and a sure sign that you're trying to do too much is having
arrows pointing in opposite directions in the step. You can have arrows
pointing in one direction in a step and in the opposite direction in the next
step, but resist the temptation to combine these two steps.

The best way to see how these steps work together is with an example.
Begin by examining the conversion of t-butyl alcohol to t-butyl chloride. This
process has a 96 percent yield. (This is a good thing!) The overall reaction is
shown in Figure 2-9.

CHs CHs
2 HCI
CHy~C—0H — = CHy=C—Cl  +H:0
CHs CHs
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Figure 2-10:
Step 1:
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to—bond
movement.
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Figure 2-11:
Step 2:
Bond-to-
lone pair
movement.
|

Step 1: This reaction, like most reactions involving an acid, begins with
protonation. In this case, a lone pair from the oxygen forms a bond to the
hydrogen from the hydrochloric acid. (See Figure 2-10.) The movement of the
oxygen lone pair to the hydrogen “pushes” the bonding pair from the H-Cl
bond onto the chlorine. This is a lone pair-to—bond transfer, which induces a
bond-to-lone pair transfer.

Protonation is almost always the first step in mechanisms involving an acid.

CH3 CH3

CHy-C—OH _H—Cl_ CH;-C—OH +cr

CHs CHs H

Step 2: The presence of a positive charge on the oxygen atom is unstable
because the oxygen has such a high electronegativity. The bonding pair from
the C-O bond moves to the positive charge on the oxygen to become a lone
pair. (See Figure 2-11.) In this case, this is the rate-controlling step, which is
why this is an example of an S;1 mechanism. The water molecule formed is

a good leaving group, which facilitates this reaction. (The OH group is not a
good leaving group.) This is a bond-to-lone pair transfer.

CHy CHz
(e Slow

CHy=C—OH Roie determining CH=C® +H0

CHs H CHs

Step 3: Forming a carbocation is difficult; however, tertiary carbocations,
such as this one, can form as infermediates, or species that exist for a short
time during the reaction. (See Figure 2-12.) The positive charge on the carbon
makes this a strong electrophile that seeks a lone pair. In the final step of
this mechanism, the carbocation accepts a lone pair from the chloride ion
generated in the first step. The transfer is lone pair to bond.
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Figure 2-12:
Step 3:

Lone pair—
to—bond
movement.
|

Figure 2-13:
Nucleophilic
attack of

a double
bond.

CHs CHs

| é/—\“@ |
CHs—C :CI: CHs-C—Cl

. |

CH3 CHS

Each step includes a conservation of charge. Conservation of charge is an
important part of all mechanisms.

Intermediates

In the preceding mechanism, the carbocation was an intermediate (a species
that exists for a short time during the reaction). The form of the intermediate
is often essential to understanding the mechanism. The curved arrows help
you in drawing the intermediate. Because you can use curved arrows in only
three ways (bond to lone pair, bond to bond, and lone pair to bond), you
have limited options for drawing intermediates.

In the next example, a nucleophile attacks a double bond. (See Figure 2-13.)
In this case, the nucleophile is the hydroxide ion. The process begins with
the hydroxide ion attacking the carbon atom at one end of the carbon-carbon
bond. This is a lone pair-to—-bond step. Next, a pair from the n-bond shifts to
form another n-bond on the other side of the carbon atom. This is a bond-to-
bond transfer. Finally, a bond-to-lone pair transfer takes place.

You need to be very careful to keep the formal charges correct. It may help to
remember that charge will be conserved.

Don’t forget: The nucleophile is at the tail of the arrow and the electrophile is
at the head of the arrow.
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Some materials may behave as either a base or a nucleophile. The hydroxide
ion is an example. When the nucleophile attacks and removes a hydrogen
ion, it is behaving as a base. When the nucleophile is attacking at some other
point than a hydrogen atom, it is acting like a nucleophile. For example,

both the methoxide ion (CH,0") and the t-butoxide ion ((CH,),0") are strong
bases, but only the methoxide ion is a strong nucleophile. The t-butoxide ion
is too big and bulky to attack efficiently. The effect of the bulky nature of the
t-butoxide ion on its reactivity is an example of steric hindrance, which was
discussed in your Organic I course (and, naturally, in Organic I For Dummies).

A molecule with a lone pair of electrons to donate can behave as a nucleophile.
The strength of the nucleophile (the nucleophilicity) is often related to
basicity. A strong nucleophile is usually a strong base and vice versa. But
nucleophilicity and basicity aren’t the same. Basicity refers to the ability of a
molecule to accept (bond with) an H*. The base strength is shown by its
equilibrium constant. On the other hand, nucleophilicity refers to the ability of
a lone pair of electrons to attack a carbon on an electrophile.

When working with nucleophiles, keep a few additional points in mind:

» Nucleophiles that are negatively charged are stronger nucleophiles than
neutral ones.

v Generally, nucleophilicity increases as you go down the periodic table.

v Nucleophilicity is decreased by steric hindrance.

Keys to substitution and
elimination mechanisms

Four types of mechanisms are inherent to Organic Chemistry I. These are
substitution reaction mechanisms (Sy1 and S;2) and elimination reaction
mechanisms (E1 and E2). The principles of these four types apply to Organic
Chemistry I, and no review would be complete without a few reminders
about these processes.

The S refers to a nucleophilic substitution process where some nucleophile
attacks an electrophile and substitutes for some part of the electrophile. The
E refers to an elimination process where the nucleophile attacks an electrophile
and causes the elimination of something. The 1 and 2 refer to the order of
the reaction. A 1 (first order) means only one molecule determines the rate
of the reaction, whereas a 2 (second order) means that a combination of two
molecules determines the rate of the reaction. In many cases, two or more of
these mechanisms are competing and more than one product may result.
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Increasing the strength of the nucleophile increases the likelihood of a
substitution occurring instead of elimination. Increasing substitution on the
electrophile tends to increase the likelihood of a first-order process over a
second-order process. This means a tertiary (3°) carbon is more reactive than
a secondary (2°) carbon atom, which, in turn, is more reactive than a primary
(1°) carbon atom.

All nucleophilic substitution reactions require a good leaving group. lons like
OH-, RO~ (alkoxide), and NH," are terrible leaving groups and don’t normally
form. The more likely leaving groups, in these cases, are H,0, ROH, and NH,,
respectively.

The following four lists summarize the main features of each of these
mechanisms. Remember the following when working with an Sy 1 mechanism
(Me = methyl):

1 Reactivity increases in the order Me < 1° << 2° < 3°.

v A racemic mixture results if the attack is on a stereogenic center.

v It’s a two-step process.

v It requires a good nucleophile.

v It relies on a carbocation intermediate.

v The rate depends entirely on the concentration of the electrophile.

v The intermediate carbocation can undergo rearrangement.

v Polar solvents, especially those with hydrogen bonding, promote this

type of reaction.

Good S1 substrates make stable carbocation intermediates. Also, solvents that
can supply an H* (protic solvents) will stabilize carbocations in S1 reactions.

The following are the main features of an S 2 mechanism:

1 Reactivity increases in the order 3° << 2° < 1° < Me.

v Inversion of configuration results if attack is at the stereogenic center.
v It’s a one-step process.

It requires a strong nucleophile.

v The rate depends on the concentration of both the nucleophile and the
electrophile.

v Backside attack occurs.
1 Rearrangement is not possible.

v Polar aprotic solvents promote this type of reaction.
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S\2 reactions lead to an inversion of stereochemistry. Nucleophilicity is
decreased by protic solvents in S 2 reactions. The presence of a polar aprotic
solvent is a clue that the mechanism is S 2.

The main features of an E1 mechanism are as follows:

1 Reactivity increases in the order Me < 1° << 2° < 3°.

v The major product is the most substituted alkene.

v It’s a two-step process.

v It requires a weak base.

v The rate depends entirely on the concentration of the electrophile.
It uses a carbocation intermediate.

v Polar (hydrogen bonding) solvents promote this type of reaction.

v It’s promoted by high temperatures.
The following list describes the main features of an E2 mechanism:

1 Reactivity increases in the order Me < 1° < 2° < 3°.
v The major product is the most substituted alkene.
v It’s a one-step process.

v The mechanism requires a strong base.

v The rate depends on the concentration of both the base and the
electrophile.

v The intermediate is periplanar.

v It’s promoted by high temperatures.

Revisiting Free-Radical Mechanisms

Free-radical mechanisms obviously involve free radicals. A free radical is

a species with an unpaired electron. In these mechanisms, single-headed
curved arrows are the norm. In Organic Chemistry I, these free radicals first
appear when examining the chlorination of an alkane such as methane. The
process begins with an initiation step as shown in Figure 2-14. (All initiation
steps increase the number of free radicals.)

The initiation step is homolytic bond cleavage where each of the chlorine
atoms receives one of the two electrons originally present in the bond and
two chlorine free radicals form. The chlorine free radicals, like all free
radicals, are very reactive.
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A chlorine free radical attacks an alkane molecule like methane to form
hydrogen chloride and a methyl radical (see Figure 2-15).

-/\r 77N\

H
Cl H—L/(:D—H — > CH
H

I—Oo—T
T

The methyl radical, once formed, is also a very reactive species, which
attacks other species to continue the reaction through a series of propagation
steps. (All propagation steps maintain the number of free radicals.) Finally,
the reaction of a free radical with another free radical gives rise to a termination
step. (All termination steps decrease the number of free radicals.)

In a free-radical mechanism, the reaction of a free radical with a molecule
results in a free radical, and a free radical reacts with a free radical to produce
a molecule that isn’t a free radical.

There are two important considerations concerning free-radical mechanisms.
One of these factors is the identity of the halogen and the other is the stability
of the alkyl free radical. The more substituted the carbon atom is, the more
stable the free radical. The stability of the alkyl free radicals increase in

the following order: Me < 1° < 2° < 3°. The relative stabilities rarely lead to
rearrangement of the free radical.

The formation of a more-stable free radical increases the selectivity of the
reaction. For this reason, the replacement of a particular hydrogen atom by
a halogen isn’t simply a matter of probability. In propane, replacement of
one of the hydrogen atoms on the central carbon should occur one-fourth
(%) of the time. (You may want to draw this reaction to see why this is true.)
However, chlorination shows a distribution where replacement occurs at
the second carbon about three-fourths of the time, and for bromination, the
replacement is almost exclusively on the central carbon atom. Table 2-1
indicates the relative selectivity of chlorine and bromine.
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Table 2-1 Selectivity of Chlorine and Bromine in
Free-Radical Halogenation of Alkanes
1° 2° 3
RCH3 R2CH2 R3CH
Chlorine (CL,) 1 39 5.3
Bromine (Br,) 1 82.0 1640

Living with mechanisms

Mechanisms are very important in the under-
standing of organic reactions. Many mecha-
nisms are presented in any organic chemistry
course, and beginning students can get into
trouble in a number of places. If you keep the
following items in mind while studying and
working mechanisms, life will be easier.

v You probably won't use all the reactants in
each step of the mechanism.

v~ Be careful not to mistake a multistep syn-
thesis problem with a mechanism. Both
involve a number of steps, but curved
arrows only appear in mechanisms.

v The solventisn't a reactant. It may promote
a particular type of mechanism; however,
that doesn’t make it a reactant.

v Materials may be added to prevent a build-up
of undesired products. For example, a base
may be present to trap released acid. These
compounds aren't part of the mechanism.

v Draw out all the atoms in the vicinity of
the reaction center, especially if there are
charges or lone pairs.

\

Don't try to do too much in one step.

+»* In many cases, you should draw the pos-
sible resonance structures, especially for

intermediates. (Not everything will have a
resonance structure.)

v Keep your goal in mind. It's easy to go off on
a tangent.

v Don't attempt to overanalyze the process.
Pick the best reaction from the ones you
studied to get from point A to point B.

v lons such as sodium, Na*, potassium, K*,
and lithium, Li*, are usually spectator ions
and therefore aren’t part of the reaction
mechanism.

v~ Before going to the next step, make sure the
step you justfinished is reasonable. For exam-
ple, are the electrons moving in the same
direction? Are the intermediates reason-
ably stable? Do you have like charges close
together? Is there conservation of charge?

v Acidic conditions may yield cationic or neu-
tral products. Basic conditions may yield
anionic or neutral products.

v Watch out for those pesky five-bonded
carbon atoms.

v When you finish the mechanism, go over
each step and check your assumptions.
Make sure none of your intermediates are
unstable.
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Chapter 3

Alcohols and Ethers: Not Just for
Drinking and Sleeping

In This Chapter

Checking out alcohols: How they look and what they’re called
Taking a look at the synthesis and reactions of alcohols
Tackling the basics of ethers

Finding out what ethers do

Clarifying the spectra of alcohols and ethers

TNO types of organic compounds contain single-bonded oxygen atoms:
the alcohols and the ethers. In the alcohols, an oxygen atom is between
a carbon atom and a hydrogen atom, whereas in an ether an oxygen atom
is between two carbon atoms. The generic representation of an alcohol is
ROH and the generic representation of an ether is ROR'. If the carbon atom
attached to the OH group is part of an aromatic ring, the compound is a
phenol, which, unlike the alcohols, is an organic acid.

In this chapter you investigate the properties, synthesis, and reactions of
alcohols and ethers. So drink up, and let’s go.

Getting Acquainted with Alcohols

The alcohols are an important group of organic compounds. Even though
an OH group is present, these are not basic compounds but are neutral to
weakly acidic materials. The OH (hydroxyl) group is the source of hydrogen
bonding, which increases the melting and boiling points of the alcohols
relative to those of comparably sized alkanes. Hydrogen bonding also makes
alcohols more soluble in water than less polar materials.
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Figure 3-1:
Primary,
secondary,
and tertiary
alcohols.
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Structure and nomenclature of alcohols

In this section we take a look at how you can classify alcohols and the nomen-
clature of alcohols (no, just calling them bourbon, gin, and Scotch won’t work).

Classifying alcohols

There are three general categories of alcohols:

v Primary (1°)
v Secondary (2°)
v Tertiary (3°)
The categories depend upon the number of carbon atom attached to the

alcohol carbon atom. Figure 3-1 illustrates the three types of alcohols. Note
the number of carbon atoms attached to the bold-faced carbon atoms.

H H CH,

CHy—CH,~CH,~C—OH  CHz=CH,~C——CH,; CHy~C——CH,

1° Do 3°

To distinguish between the alcohols in the figure, simply count the carbon
atoms attached to the carbon atom in boldface. Primary alcohols have one
carbon atom attached to the central carbon, secondary alcohols have two,
and tertiary alcohols have three.

Naming alcohols
The nomenclature of the alcohols is an extension of the rules for the naming

of other organic compounds. The general changes in the rules for alkanes are
v The parent chain contains the OH.
v The carbon with the OH gets the smaller number.
v Drop the final -e and add -ol.

The common names of the alcohols consist of the name of the alkyl group

and the word alcohol. For example, CH,0H is methyl alcohol and CH,CH,OH
is ethyl alcohol. Some examples of nammg alcohols are shown in Flgure 3—2
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Br
4 | 2 1
CH;=CH—CHg4 CH3—CH—C|:H—CH3
3
OH OH
2-propanol 3-bromo-2-butanol
5 4 3 2 1 OH
CH,=CH—CH,~CH—CHg4
OH
4-penten-2-ol Cycloheptanol

Under extreme conditions, alcohols may behave as acids and lose an H* to
leave an anion with the general formula RO~. These are alkoxides. Alkoxides
are important in organic synthesis because they are very strong bases and
may be good nucleophiles. Figure 3-3 illustrates two common alkoxides.

CH,4
CH,~ &> N& QO ®
3 CH3—C|)—Q. K
Sodium methoxide CHj
Potassium tert-butoxide

Physical properties of alcohols

The important physical properties of organic compounds include melting
and boiling points and solubility and density. Whenever you compare physi-
cal properties of different compounds, stick to compounds with similar
molecular weights.

Melting and boiling points

The presence of hydrogen bonding causes alcohols to have significantly
higher melting and boiling points than alkanes. Figure 34 illustrates the for-
mation of hydrogen bonds between alcohol molecules.
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Impurities increase the boiling point and reduce the freezing points of materials.

R— 0\5‘
o+ o
H----0— 1
/
H
Solubility and density

Alcohols with three or fewer carbons atoms are miscible in water in all
proportions. The solubility of alcohols in water decreases with increasing
number of carbon atoms, so that alcohols with more than six carbon atoms
are nearly insoluble. As the number of carbon atoms increases, the solubility
in nonpolar solvents increases.

Alcohols, like most organic compounds containing oxygen or nitrogen, are
soluble in concentrated sulfuric acid because the acid protonates the oxygen
atom, as illustrated in Figure 3-5.

Alcohols tend to be denser than hydrocarbons with comparable carbon
content.

Making moonshine: Synthesis of alcohols

There are a number of methods for synthesizing alcohols. Some of the meth-
ods are suitable only for the preparation of small quantities of alcohol, while
other methods are industrially important for the synthesis of thousands of
gallons of alcohol.
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Hydration of alkenes

The hydration of alkenes is one important method of synthesizing alcohols.
Industrially, sulfuric acid is used as a catalyst, while small-scale preparations
often utilize toxic mercury compounds. (Definitely not the kind of stuff you
want to drink.)

Catalytic hydration of alkenes

The general reaction for the catalytic hydration of an alkene to produce an
alcohol is shown in Figure 3-6, and the mechanism is in Figure 3-7. This pro-

cess is an example of a Markovnikov addition (as seen in Organic Chemistry I).

— H,SO, | H,0 (|3 |

/_\H+ @/—\
CHy—=CH=CH, =———— CH3=C—CHj,
| \x\z'o'z

H
H.  H
&/
OH H+ T
-
CH,~C—CH, CHy~C—CH,
H H

Oxymercuration-demercuration reactions with alkenes

Oxymercuration-demercuration is a useful laboratory method for the syn-
thesis of small quantities of alcohol. Like the catalytic hydration reaction,
this process is an example of Markovnikov addition. It’s a useful procedure
because it tends to result in high yields and rearrangements rarely occur.
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The general reaction is shown in Figure 3-8, and you can see a specific exam-
ple in Figure 3-9.

— |
Figure 3-8: c=c’ + Hg(OAc),(aq) _ THF C—cC
Oxymer- / \ _—
curation-
OH HgOAc
demer- | |
to yield an c—¢C ‘KBH“
alcohol. | |
O H

curation of
| H
|

an alkene

Hg +

Figure 3-9:
Synthesis H
of 2-pro- H 1) Hg(OAc),(aq)/THF
panol by | > CHy;—C—CHj,
oxymercura- CH,~C=—=CH, 2) NaBH,
tion-demer- OH
curation.
|
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The numbering of the steps shown in Figure 3-9 is essential. The numbers indi-
cate that Step 1 must take place before and be separate from Step 2.

Hydroboration-oxidation reactions with alkenes

Hydroboration-oxidation is a useful method when the desired product is the
anti-Markovnikov alcohol. The borane-containing reactant is normally dibo-
rane (B,Hy) or the borane tetrahydrofuran complex (BH,*THF). No matter
what hydroboration agent is used, it’s usually simplified to BH, in the mecha-
nism. BH, is a useful reactant because it’s a good Lewis acid.

An example illustrating the general mechanism is shown in Figure 3-10.
The attack in Figure 3-10 is on the terminal carbon for two reasons:

v Steric (more important) — the outer carbon is more accessible.

v Electronic — the 2° carbocation is more stable.



Figure 3-10:
Synthesis
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Figure 3-11:
Reaction of
methylcy-
clopentene
by hydro-
boration-
oxidation.
|
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O+
CH4—CH _Z_gHz —_— CH3~G==—=GH,
H

*\ Forming '
6_ 1
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W S |
H

H, / Breaking

T
I|3—H
H

|
CHS—T—
H

H,0,/OH"

ROH
CHy— CH,~CH,

OH

The transition state is four-centered, which means there is syn addition: both
groups add to the same face of the double bond. (Anti addition is where the
two groups add to opposite faces of a double bond.)

When doing a reaction, you can usually call it quits at this point. In reality, the
process continues until the replacement of all B-H with B-R to give BR, (as long
as the alkene is small).

A question that may appear on some Organic Chemistry exams is: What will
be the product of the reaction sequence given in Figure 3-11?

H H
CH, OH H
1) BHgeTHF - g
_— OR
2) H,0,/OH"
H by CHs oy CHs
trans cis
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Figure 3-12:
Production
of 1,2-pro-
panediol
from
propene.
|

The BH, undergoes syn addition so the frans isomer will form. However, the
cis isomer can be produced by heating the mixture to 160 degrees Celsius.
Heating to 160 degrees initiates a series of eliminations and re-additions of
the boron until the boron ends up on the least sterically hindered carbon.

Diols from reactions with alkenes

The reaction of either cold, dilute, aqueous potassium permanganate
(KMnO,) or osmium tetroxide (0sO,), to an alkene will form, through syn
addition, a cis-glycol. Using osmium tetroxide requires a second step using
hydrogen peroxide, H,0,, to regenerate the expensive reagent.

Figure 3-12 gives an example of this process. The reaction of the alkene with
a peroxyacid can lead to the frans-glycol (anti addition).

KMnQO,(aq) OH OH
CHy~CH=CH, ————>
Cold, dil —CH—
01d, CH;—CH—CH,

Preparation of alcohols by the reduction of carbonyls

The reduction of carboxylic acids or esters requires very powerful reduc-
ing agents such as lithium aluminum hydride (LiAlH,) or sodium (Na) metal.
Aldehydes and ketones are easier to reduce, so they can use sodium borohy-
dride (NaBH,). Examples of these reductions are shown in Figure 3-13.

Grignard reagents and production of alcohols

A Grignard reagent is an organometallic compound containing magnesium.
Grignard reagents are very useful in organic synthesis. (In most cases, an
organolithium compound can be substituted for a Grignard reagent.)



Figure 3-13:
Examples of
the prepa-
ration of
alcohols
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reduction of
carbonyls.
|

Figure 3-14:
Mechanism
for the
Grignard
reaction.
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0]
I

s 1) LIAIH,/Et,0 CH,OH
g Ton AN
H
o 1) NaBH,/EtOH
2) H*/H,0
OH
0

CHy(CH,),C __Na/EtOH _  CH,(CH,),CH,—OH

OEt

The synthesis often begins with the preparation of the Grignard reagent
by reacting an alkyl halide with magnesium metal in dry ether. Then the
Grignard reagent is used to attack a carbonyl group to form a magnesium
salt. The mechanism is shown in Figure 3-14. The addition of water causes
hydrolysis of the salt to produce an alcohol, some examples of which are
shown in Figure 3-15.

7 R

RB'MQMX + \ / |
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Figure 3-16:
Summary
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reactions
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RY"Mgd*X +
I
2) Hydrolysis
/C\ 2\ Hydrolsls, CH;—CH,~OH
H H
Formaldehyde A 1° alcohol
Any other aldehyde
O
” OH
c 2) Hydrolysis
AN R—CH—CH
7 n °
A 2° alcohol
Any ketone
0 <|3H
!:|; 2) Hydrolysis R—C——CH,
/N
R R R'
A 3° alcohol

What will they do besides burn?
Reactions of alcohols

Alcohols represent a very versatile class of compounds for organic synthesis,
so a variety of synthetic pathways utilize alcohols. Some examples appear in
Figure 3-16. The conversion of alcohols to ethers appears later in this chapter.

Alkenes
-H,0
(9]

RX -«—ROH ——>

Alkyl
halid
ali 7 wow

RO"

Aldehydes, ketones
Carboxylic acids

Esters



Figure 3-17:
Acid-
catalyzed
dehydration
of 2-pro-
panol to
propene.
|

Figure 3-18:
Mechanism
of the acid-
catalyzed
dehydration
of 2-pro-
panol to
propene.
|
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Dehydration of alcohols (-H,0)

Alcohols can be dehydrated by a number of procedures. One method is

to use a dehydrating agent such as phosphorus oxychloride (POCl,), and
another method is acid-catalyzed dehydration using sulfuric acid (H,SO,)
or phosphoric acid (H,PO,). An example of acid-catalyzed dehydration is in
Figure 3-17, and the mechanism is shown in Figure 3-18.

CHS_CH_CHs HZSO4

T > CHy-CH=CH,

A
:OH
|
CH3—C—CH3 CHS_CH:CHZ
‘OH
( 0 Fast -H*
H* ”
H H H
CH;-C—CH ‘—Slow || + HO:
p | 3F{atedetermining CHSC’S ({T : &
Clo |
H " H

Tertiary alcohols dehydrate most readily, primary alcohols least readily, and,
unsurprisingly, secondary alcohols are intermediate. This relates to the rela-
tive stability of the intermediate carbocation. The temperature and concen-
tration of the acid depends upon the type of alcohol. A primary alcohol, such
as ethanol, requires concentrated acid and a very high temperature (180
degrees Celsius), while a tertiary alcohol, such as t-butyl alcohol, requires 20
percent sulfuric acid at 85 to 90 degrees Celsius. The process follows an E1
mechanism and produces the thermodynamically more stable product.
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Figure 3-19:
Oxidation
of a primary
alcohol to
an aldehyde
and then to
an carbox-
ylic acid.

|
|
Figure 3-20:
Example of
the oxida-
tionof a
primary
alcohol

to an

aldehyde.
|

Oxidation of alcohols

Both primary and secondary alcohols can be oxidized, but tertiary alcohols
won’t undergo simple oxidation. Oxidation of a primary alcohol gives an alde-
hyde; however, preventing further oxidation of the aldehyde to a carboxylic
acid is difficult. Secondary alcohols oxidize to a ketone without the problem
of additional oxidation occurring.

The symbol [O] often appears in organic reactions to indicate oxidation, and
the symbol [H] indicates reduction.

Most organic compounds, including alcohols, undergo oxidation in the form

of a combustion reaction. The general reaction for the oxidation of a primary
alcohol is in Figure 3-19. Oxidizing agents that aren’t strong enough to oxidize
the aldehyde formed in the first step include PCC (pyridinium chlorochro-
mate), Sarett’s reagent (CrO,*2py), and acidic, aqueous potassium dichromate
(K,Cr,0,). The reaction with potassium dichromate requires the distillation of
the aldehyde from the mixture before further oxidation can occur. Two exam-
ples are in Figure 3-20.

R-CH,OH —» RCHO ———» RCOOH

CH=CH—CH //o
- 2 _ CrOge2py CH=CH —C\
OH  CH,Cl, H

25°



Figure 3-21:
Oxidation

of a primary
alcoholto a
carboxylic
acid.
|

Figure 3-22:
Oxidation of
a secondary
alcohol to a
ketone.
|

Figure 3-23:
Acid
catalyzed
reaction of
an alcohol
with a car-
boxylic acid
to form an
ester.
|
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Stronger oxidizing agents, such as hot basic potassium permanganate or
Jones reagent (acidic CrO,), oxidize a primary alcohol to a carboxylic acid as
illustrated in Figure 3-21. The characteristic dark purple color of the perman-
ganate ion changes to brown, indicating the formation of MnO,.

CHy o
CHy 1) KMnO,/OH/A | //

" CHy-CH—C

CHg—CH—CH,-OH  2)H*
OH

The oxidation of a secondary alcohol to a ketone can also occur through the
use of a variety of oxidizing agents. Figure 3-22 illustrates the oxidation of a
secondary alcohol using Jones reagent.

CH3 OH Cr03/H2SO4(diI) . CH3 0
Acetone
CH;—CH—CH—CH,4 15-20° CH;—CH—C——CH,4

Conversion of alcohols to esters

In the presence of an acid catalyst, alcohols react with carboxylic acids to
form esters. The general reaction is in Figure 3-23, and you can find a discus-
sion of the reaction in Chapter 12.

O O
R'OH + R_C// H+ R_C//
AN AN
OH OR'
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Figure 3-24:
Formation of
an alkoxide
ion from an
alcohol.
|
|

Figure 3-25:
Examples of
the forma-
tion of an
alkoxide

jon from an
alcohol.
|
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Reaction of alcohols as acids

In general, alcohols are neutral compounds; however, in the presence of
extremely strong bases or an active metal, it’s possible to force the loss of a
hydrogen ion to leave an alkoxide (RO-) ion. The general reaction is shown in
Figure 3-24. The amide ion, NH,", is a strong enough base to force the loss, as
is the hydride ion, H-; however, the hydroxide ion, OH-, isn’t strong enough.
(Poor little guy.) Active metals include sodium and potassium. Specific
examples are in Figure 3-25. The alkoxide ions are useful in organic synthesis
because they’re good nucleophiles.

S-
.. Strong base - Q
R—O \ c?r > R—O:
active metal ide i
H gy Alkoxide ion
CH,4 CH,4

K+ HO—C—CHy, — > k@:02—C—CH, 4 1/2H,
CH, CH,

NaH + EtOH — NaOEt + H,

Conversion of alcohols to alkyl halides

Sometimes the alcohol group can be replaced with a halogen. A number of
reagents cause this conversion, including the hydrohalic acids (HCI, HBr, and
HI), sodium bromide with sulfuric acid (NaBr/H,SO,), hydrochloric acid with
zinc chloride (HCl/ZnCl,), phosphorus tribromide (PBr,) in base, or reflux-
ing with thionyl chloride (SOCL,). The acidic reactions utilizing the general
mechanism appear in Figure 3-26. Methanol and most primary alcohols follow
an S 2 mechanism, while most other alcohols react by Sy 1. The 5,1 reactions
may involve rearrangement such as a hydride shift.

N

Don’t forget that Sy2 mechanisms involve an inversion of configuration.



Figure 3-26:
General
steps for the
conversion
of an alco-
hol to an
alkyl halide.
|

Figure 3-27:
Examples of
the forma-
tion of an
alkyl halide
from an
alcohol.
|
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ROH + H* R%H2
ROH, —— R* + HO0
R+ 4+ X —> RX

Figure 3-27 illustrates two examples using HCl/ZnClL, In the second example,
a rearrangement takes place.

OH cl
HCl |
ZnCl,

CH, CH,
HCI
CHy=C——CH—CHy 7,5 CHy=C——CH,~CHj
H OH Cl

A common analytic test used to classify alcohols is the Lucas test. This test is
for alcohols with six or fewer carbon atoms (and therefore soluble in reagent
mixture). They react with HCl/ZnCl, to form an alkyl chloride, which is insol-
uble in the reaction mixture (causing the solution to turn cloudy). The time
required for the reaction to occur indicates the type of alcohol. Tab