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Preface 

While there aren’t nearly as many advanced organic chemistry textbooks as introductory texts, 

several advanced texts are available. What makes this text different? 

• It Avoids the Deadly “Review” Label 

One common approach to teaching advanced organic chemistry is to use the course to review 

and expand on subjects covered in the introductory course—nucleophilic substitution and elim¬ 

ination reactions, additions to carbonyl compounds, aromatic substitution reactions, cyclo¬ 

hexane conformations, stereochemistry, and so on. There are good reasons for this approach. 

Experience has shown that many students, whether graduate or undergraduate, have only a 

shaky grasp of the material covered in their introductory courses and could greatly benefit from 

a thorough review. 

However, experience has also shown that there are excellent reasons not to emphasize 

review of basic material in an advanced course. The principal reason is that students tend to hate 

that approach. They just do not want to go back over S^l and S;V2 reactions or photochlorination 

of hydrocarbons or additions of acids to alkenes, even if the subjects are covered at a more 

advanced level. And our best students—the students we most want to remain fascinated by 

organic chemistry—are least happy about reviewing introductory material. 

• It Introduces “Advanced” Topics Early 

My experience has convinced me that maintaining student interest in the advanced course requires 

the early introduction of “advanced” topics—topics that are not usually stressed in first-year 

courses. Fortunately, we can still discuss many of the most important aspects of the standard intro¬ 

ductory course using this approach but in a more intellectually stimulating manner than by a 

straightforward review. 

XI 



XII Preface 

• New and “Review” Topics Are Integrated 

After a brief introductory chapter, this book proceeds with a discussion of the Woodward- 

Hoffmann rules and pericyclic reactions. While these are usually treated as advanced topics, they 

have the virtue of being relatively self-contained and do not require detailed knowledge of many 

other reactions. The topics allow review of HUckeTs rule and of the concept of aromaticity, and the 

discussion leads naturally to sigmatropic shifts, which introduces the general subjects of carboca- 

tion and carbanion reactions without tagging them with the deadly “review” label. 

• Heterocyclic Chemistry Is Covered in Depth 

A review of the basic reactions covered in introductory courses is facilitated because this book 

includes major sections on heterocyclic chemistry. 
At one time it would have been unthinkable for an introductory organic chemistry course not 

to include a significant discussion of heterocyclic chemistry. After all, a huge number—perhaps a 

majority—of organic molecules contain heterocyclic rings. However, in many current texts hete¬ 

rocyclic chemistry has been downgraded to a “special topic” and afforded only brief attention. 

The elimination of heterocyclic chemistry from the introductory curriculum is particularly unfor¬ 

tunate because increasing numbers of our students are specializing in biological aspects of chem¬ 

istry, where a knowledge of the properties of heterocyclic molecules is critical. 

Another good reason to include heterocyclic chemistry in an advanced organic chemistry 

course is that the study of heterocyclic chemistry involves the study of carbonyl addition and con¬ 

densation reactions, aromatic substitution reactions, and the properties of amines and carboxyl 

groups. Thus, it provides the opportunity to go over many of the most important topics covered in 

the introductory course in a new, “nonreview” context. For that reason this book discusses meth¬ 

ods of synthesis of heteroaromatic rings (although synthetic methods are not generally empha¬ 

sized in this text). 

• It Offers Flexibility in Course Organization 

Some instructors may wish to discuss heterocyclic chemistry at the beginning of the course. They 

will find no difficulty in doing so using this text, since the chapters on heterocyclic chemistry do 

not, for the most part, require a knowledge of material in other chapters. (The sections on dipolar 

cycloaddition reactions and the Fischer indole synthesis are exceptions, but these topics can easily 

be postponed for later discussion.) 

• “Theory” Is Introduced in Context 

Some time ago I sent a letter to Chemical and Engineering News decrying the trend toward having 

chemistry courses begin with a large dose of chemical theory. I contended that the significance of 

the theory would be more obvious, and the subject would be more interesting, if chemical phen¬ 

omena were introduced first and the theory then introduced to explain the facts. 

I was astonished at the volume of mail I received in response to my letter, almost all of it 

agreeing with my viewpoint. I was therefore encouraged to use that approach in writing this text. 

For instance, the stereospecificity of electrocyclic reactions is discussed first, and qualitative mol¬ 

ecular orbital theory is then introduced to explain the facts rather than the other way around. 

• It Introduces the “Art” of Writing Mechanisms 

The introductory chapter, which is often a vehicle for discussing large amounts of chemical theory, 

is relatively brief in this text. It covers only the “art” of proposing mechanisms for complex reac- 



Preface XIII 

tions. That art includes the use of resonance theory, which is introduced as a way to solve rather 

puzzling mechanism problems rather than simply as a review topic. 

Of course, even the deliberately simple “mechanism” exercises in Chapter 1 require a 

knowledge of many of the basic reactions discussed in introductory courses. Discussion of these 

exercises serves as another useful but informal review of that material. 

• In Conclusion ... 

I’ve attempted to make this a teaching text rather than one that simply presents the material in an 

encyclopedic manner. I've used relatively informal language and, I hope, anticipated many of the 

problems students have with this material. 

Over the past years, both undergraduate and graduate students have reported finding the 

discussions in this text useful and interesting. I hope your students will feel the same way. 

I would like to thank the following reviewers for their input: William F. Bailey, University of 

Connecticut; Donald B. Denney, Rutgers University; John C. Gilbert, University of Texas- Austin; 

John M. McIntosh, University of Windsor; Jeffrey S. Moore, University of Illinois, Urbana; Donna 

J. Nelson, University of Oklahoma; Michael Ogliaruso, Virginia Polytechnic Institute; Robert S. 

Phillips, University of Georgia; and Dennis J. Sardella, Boston College. 

I sincerely hope that you will let me know of your experiences and those of your students 

with this book. All comments and suggestions will be received with gratitude. 

Bernard Miller 

Amherst, MA 
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Chapter 1 

Introduction 

1.1 MECHANISMS OF REACTIONS 

On Understanding Organic Reactions 

This is a book about the reactions of organic molecules. Millions of compounds containing carbon 

are currently known, and many others are being created or discovered every day. Since each com¬ 

pound can undergo many possible reactions, there are enormous numbers of possible reactions of 

organic molecules. 

Understanding organic chemistry would therefore be an enormously difficult task, except 

that the varied reactions all result from a relatively small number of basic processes. These 

processes can be combined to result in overall reactions that may appear, at first glance, to be mys¬ 

terious or even impossible. Fortunately, closer analysis will almost always show that, like a stage 

magician’s tricks, even the most mysterious-appearing reactions are quite simple. 

A major function of this book is to help you analyze the magician’s secrets. Every chapter in 

this book is followed by problems that ask you to unravel the mystery behind sometimes quite 

strange-looking organic reactions. These problems are often in the form, “Propose reasonable 

mechanisms for the following reactions.” 

Before you can solve any of these problems you have to be clear about three things: the 

meaning of the “mechanism” of a reaction, what “proposing” or “writing” a mechanism means, 

and how you can decide whether or not a mechanism is “reasonable.” 

1 



2 Chapter 1 Introduction 

Reaction Mechanisms 

The mechanism of a reaction consists of everything that happens as the starting materials for the 

reaction are converted into the products. In principle, therefore, “writing” (or drawing) the mecha¬ 

nism means describing everything that happens in the course of the reaction. However, providing an 

exact description of a reaction on paper is an impossible goal. Instead, a proposal for the mechanism 

of a reaction should include certain critical types of information about the course of the reaction. 

A proposal for the mechanism of a reaction should indicate whether the reaction proceeds in 

a single step or by a sequence of several consecutive reactions. If more than one step is required— 

and all the “mechanism problems” in this book require more than one step—the proposal should 

include equations for every step in the overall mechanism. (Identifying each step in a reaction 

sequence is, by itself, often considered an adequate description of the mechanism for that reaction.) 

A product of an individual step in a reaction mechanism that is involved in succeeding steps 

is called an intermediate in the overall reaction. Thus, identifying intermediates in the formation of 

the products of a reaction is a crucial part of any proposal for a reaction mechanism. 

In addition to identifying any reaction intermediates, a proposal for a reaction mechanism 

often includes a description of changes in the electronic structures of molecules as they pass from 

starting materials to products. The “description” is done by means of curved arrows. A curved 

arrow in a chemical equation means something quite different from the arrows representing the 

conversion of starting materials to products (or the pair of arrows representing the equilibrium 

between them). A curved arrow shows the change in position of a pair of electrons} The arrow 

starts at an electron pair that takes part in the reaction. If the electron pair forms a bond between 

two atoms in the starting material and forms a new bond in the product, the arrow should start at 

the center of the line representing the original bond and should end up pointing to the location of 

the new bond being formed. If the electrons become a nonbonding (unshared) pair in the product 

the arrow should point to the atom accepting the nonbonding pair. 

In this book unshared pairs of electrons are frequently shown as pairs of dots. However, 

molecular formulas need not specifically show the presence of unshared electron pairs. It is usually 

assumed that the presence of unshared electron pairs on every neutral—or negatively charged— 

oxygen, nitrogen, or halogen atom, for instance, is understood. The unshared electron pairs on the 

chloride ion, for instance, are not shown in equation lc. A curved arrow can start at an atom bear¬ 

ing unshared pairs of electrons even if the electrons are not specifically shown. 

Na © 
O 

..© r\ H 
HO:—H—CH,— CH 

Na 

© 

© 
O 

(la) 

H20= + :CH—CH 

A 
:C1-lH^H2C=C(CH3)2 

•• O) © 
:Cl:U + H3CC(CH3)2 (lb) 

A A 
HjN^CH^Cl 

© 
h2n=ch2 Cl 

© 
(lc) 

Some examples of the use of curved arrows 

Movements of single electrons in free radical reactions are often represented by single- 

barbed “fishhooks,” as shown in Eq. 2 for the reaction of methane with a chlorine atom. 

:q A AtH, Cl—H + "CH, (2) 
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Discussions of reaction mechanisms frequently include discussions of the nature of the tran¬ 

sition state for each step in a reaction sequence—or at least for the slowest or “rate-limiting” 

step. A transition state is the point of highest energy in a reaction or in each step of a reaction 

involving more than one step. The nature of the transition state will determine whether the reaction 

is a difficult one, requiring a high activation enthalpy (AH*), or an easy one. 

TS 

TS = transition state 

I = intermediate 

(for overall reaction) 

Energy diagram for a three-step reaction sequence 

Unlike reaction intermediates, transition states can never be isolated. By definition, they exist 

only at the tops of “energy hills.” There are no barriers to prevent them from immediately “rolling” 

downhill to form the reaction products or intermediates or to reform the starting materials. 

Although a knowledge of (or at least an idea about) the structure of the transition state for an 

organic reaction is important in understanding its mechanism, you will usually not be expected to 

describe transition states as part of your proposed reaction mechanisms. One reason is that transi¬ 

tion states always involve partially formed or partially broken bonds. Unfortunately, no really 

good way has been developed to represent partial bonds in molecules. The best that can be done is 

to represent partial bonds by dotted lines. However, consider the representation of the transition 

state for the reaction of sodium methoxide with methyl bromide (an SN2 substitution reaction) 

shown below. The dotted lines indicate that the carbon-oxygen bond has been partially formed and 

the carbon-bromine bond partially broken. Does that mean that both bonds are “half-formed” at 

the transition state? (And what would “half-formed” mean, anyway?) Or is one bond 75 percent 

or 95 percent formed and the other largely broken? And how would that be shown by the dotted 

line symbolism? 

Na® 

CH30 CH3-LBr CH30 

Na 

H H 
\f 

-C- 

© 

•Br 

H 

© 

-> CH3—O — CH3 + NaBr (3) 

the transition state structure 

We will avoid these questions and consider a proposed mechanism complete if it identifies 

all reaction intermediates and all electron motions occurring in the course of a chemical change. 
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Recognizing "Reasonable" Mechanisms 

Assuming that a particular reaction proceeds in several steps, just how does one go about deciding 

what those steps are? 

There is one basic principle to be followed in proposing a possible mechanism for a chem¬ 

ical reaction. Each step in the reaction of any compound should be a well-known reaction of that 

type of compound under the conditions of the reaction. (Like lawyers, chemists justify their pro¬ 

posals on the basis of precedent.) 

As we’ve mentioned above, there are enormous numbers of possible chemical reactions. 

Many of these reactions will seem quite extraordinary, if not impossible, at first sight. However, it 

is important to avoid proposing extraordinary steps for the mechanisms of these reactions. If a 

proposed mechanism has novel, “interesting” steps that haven’t been seen many times before, the 

odds are that the mechanism is incorrect.* Nearly all chemical changes that appear extraordinary 

are simply the result of combining well-known, routine reactions. 

You have already studied many of the most important organic processes in previous courses. 

A vast variety of organic reactions, many of which you have never seen before, can be explained 

simply as combinations of reactions you have already studied. 

Proposing Reaction Mechanisms 

Rejecting an unreasonable mechanism. Let’s work out a reasonable mechanism 

for a simple reaction—but one you probably haven’t seen before: 

OH 

H3C — CH — OC2H5 + HCN 
NaOH 

OH 

H3C —CH—CN + C2H5OH 
(4a) 

Since the overall result of the reaction in Eq. 4a is to replace an ethoxy group by a cyanide 

group, it may be tempting to propose an SN2 mechanism (Eq. 4b). 

OH 

a 
OH 

h3c—ch^oc2h5 
9 9 ©. 

/© 
•CN 

H3c —CH —CN + :OC2H5 (4b) 

However, an essential requirement for any SN2 reaction is that the group being displaced 

by the nucleophile must be a good leaving group. Only a small group of anions, all the conjugate 

bases of strong acids, can act as leaving groups in typical SN2 reactions (or, for that matter, in S;V1, 

El, and E2 reactions). That group includes chloride, bromide, and iodide anions, as well as deriv¬ 

atives of sulfate anions, such as benzenesulfonate anions. Neutral molecules, such as water and 

alcohols, can act as good leaving groups in acid-catalyzed S^l and El reactions (e.g., Eq. 5). 

Ethers can act as leaving groups in SN2 and E2 reactions under acidic or basic conditions (Eq. 6). 

Unless an anion or a molecule on this very short list acts as the leaving group, you can usually 

reject mechanisms involving nucleophilic substitution or elimination mechanisms. 

* Novel types of reactions are still being discovered. However, it takes convincing demonstrations that new reac¬ 

tions cannot be explained as combinations of known processes before chemists are willing to accept that they really are 
novel. 
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(CH3)3C —och3 

Cl0 

©/H 
(CH3)3cTo 1© 

CH, 
(CH3)3C© Cl + hoch3 

1 (5) 

(CH3)3C—Cl (or CH2=C(CH3)2 + HC1) 

© © 
0(CH3)2 Br 

H3CCHCH3 

f (6) 

CH3OCH3 + HjCCHCH, (orH,C=CHCH, + HBr) 

Alkoxide anions are the conjugate bases of alcohols, which are not strong acids. Thus, they 

usually cannot be leaving groups in 8^2 reactions (or in S^l, El, or E2 reactions).* Diethyl ether, 

for instance, does not undergo SN2 reactions with sodium cyanide. Therefore, the displacement of 

an ethoxide anion by a cyanide anion, as shown in Eq. 4a, would have to be classified as a novel, 

and therefore highly suspect, process. 

Proposing a reasonable mechanism. How can you select a reasonable mechanism 

for the reaction in Eq. 4a? Don’t start out by trying to arrive at the products of the reaction. Instead, 

focus on the starting materials, and select the reaction they are most likely to undergo under the 

reaction conditions. Then do the same thing with the products of the reaction you’ve proposed 

and, if necessary, with the products of the second reaction and later reactions. It is surprising how 

often a sequence of the most likely steps will lead to the actual reaction products.1' 

When there are several reasonable alternatives to choose from at each step of a possible 

mechanism, you will have to choose one possibility and see where it leads. If it does not result 

in the product formation you are trying to explain, you’ll have to go back and look at some of 

the other possibilities. (Incidentally, a problem that asks for the mechanism by which a partic¬ 

ular product is formed does not suggest that it is the only, or even the major, product of the 

reaction.) 
Let’s apply this procedure to reaction 4a. Fortunately, there is only one reasonable initial 

reaction that can occur. The starting organic compound is an alcohol and, as shown in Eq. 7a, will 

be partially converted to its anion by reaction with cyanide ions or other bases. 

H3C —CH- 

r\ 
O—H C=N 

I 
(or0OH) O 

© 
(7a) 

-oc2h5 H3c —CH- -OC2H5 + HCN 

Ignore the fact that this reaction may not seem to be leading to the desired product, and con¬ 

sider what can happen to the new anion. It can, of course, pick up a proton to give back the start¬ 

ing alcohol, but obviously that leads nowhere. The only other reaction the anion can undergo is to 

eject an alkoxide anion to form an aldehyde (Eq. 7b). 

* Alkoxide anions can act as leaving groups in E2 reactions with such strong bases as alkyllithium reagents, 

tSeveral reasonable mechanisms might account for a given reaction. Distinguishing among them to determine the 

“correct” mechanism often requires ingenious and prolonged experimental work. 
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O 
© 

P^ 
I r\i h3c—ch-^oc2h5 

o 
II 

H3c—CH + 0OC,H5 

(7b) 

At this point several possible reactions might take place. Perhaps the most obvious, however, 

is the addition of a cyanide ion to the carbonyl group (Eq. 7,c). Now, an acid-base reaction (Eq. 7d) 

would yield the specified product and regenerate the cyanide ion. 

H3c-oy 
© 
CN H3c— CH— CN 

(7c) 

I 
PLC — CH — CN 

A 
H—C=N 

OH 
I 

H3c—CH—CN + 
© 
CN 

(7d) 

The reaction in Eq. 4a can be described as proceeding by a retro-hemiacetal formation (Eqs. 

7a and 7b) followed by a cyanohydrin reaction. To experienced organic chemists, who are famil¬ 

iar with the mechanisms of both reactions, naming the sequence of reactions provides an excellent 

brief description of the mechanism of the overall reaction. 

Equations 7a to 7d show a reasonable mechanism for the reaction in Eq. 4a. The mecha¬ 

nism is reasonable because each step is a very common, routine reaction. 

Another example. Let’s try our procedure for proposing mechanisms on another base- 

catalyzed reaction. 

OH O 

I ©OH II (8) 
H2C = CH—CH—C=N -» N=CCH2CH2CH 

We might briefly consider forming the product by an allylic shift of the cyano group, fol¬ 

lowed by a base-catalyzed tautomerism of the resulting enol: 

(9a) 

O 
II 

n=cch2ch2ch 

You may not be certain whether a cyano group can move around that way. (It cannot, as will 

be discussed in Chapter 4). However, the fact that it is difficult to suggest good precedents for that 

step justifies trying to find an alternative mechanism in which each step does have common prece¬ 

dents. In fact, Eq. 8 can be accounted for by a retro-cyanohydrin reaction followed by the conju¬ 
gate addition of the cyanide ion to the conjugated carbonyl group. 

HX—CH—CH 
? ? 

OH 

N=CCHXH=CH 

C=N 0 

OH 

© O 
I 

N=CCHXH=CH 
H„0 
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OH 
I 

HX = CHCHC = N 

O 
0 

0, OH 
2 o 

HX==CHCH—CN 
a. 

H,C —CHCH 

v©( CN 
(9b) 

O 

n=cch2ch2ch 
H,0 

o 
0 II 

n=cch2ch2ch 

The mechanism in Eq. 9b is reasonable because each step is a common reaction, with many 

precedents. Of course, the fact that it is reasonable does not necessarily mean that it is correct— 

although in this case it is difficult to propose any reasonable alternative. 

More about leaving groups. You may wonder why ethoxide anions can be ejected 

from anions of hemiacetals (Eq. 7b) and cyanide ions from anions of cyanohydrins (Eq. 9b) when 

neither ethoxide nor cyanide anions are conjugate bases of strong acids and therefore are not on the 

list of “good leaving groups” discussed on page 4. 
The list of good leaving groups previously discussed applies to several specific reactions: 

S Y1 and El reactions, in which the departures of the leaving groups are not appreciably assisted by 

nucleophiles, and SN2 and E2 reactions, in which the leaving groups are displaced (or eliminated) 

by external nucleophiles or bases. (The list also applies to intramolecular displacement reactions, 

such as that in Eq. 10, in which the nucleophiles are not bonded to the atoms bearing the leaving 

groups.) 

/CH2 
X \ p\ 

ch2 ou 
\ > 
CH—CH2 

Br C 

K © 

+ KBr (10) 

The situation is very different in a reaction such as that in Eq. 7b, in which the leaving group 

and a negatively charged atom are both bonded to the same atom, so that ejection of the leaving 

group results in formation of a new tt bond. Reactions of this type occur much more easily than do 

substitutions by external nucleophiles or elimination by external bases. 
Displacements of leaving groups by negatively charged atoms bonded to the same carbons 

as the leaving groups occur so readily, in fact, that it is easier to list the groups that typically can¬ 

not act as leaving groups in those reactions than it is to list the groups that can. The only common 

groups that typically cannot act as leaving groups in these reactions are hydrocarbon anions 

and hydride anions* Aside from hydrocarbon and hydride anions, almost all common 

anions—cyanide ions, hydroxide ions, alkoxide anions, enolate anions—can act as leaving 

groups when they are displaced by negatively charged atoms bonded to the same atoms as the 

leaving groups. 

*Even these very strong bases can act as leaving groups under exceptional conditions. (See Chapter 8, pp. 209 

and 220.) 



8 Chapter 1 Introduction 

1.2 ELECTRON DELOCALIZATION AND RESONANCE 

The Theory of Resonance 

Hybrid structures. No discussion of reaction mechanisms would be complete without 

introducing the theory of resonance. Consider, for instance, the reaction shown in Eq. 11. 

O 
II (ID 

Cl— CH — CH=CH— OCH3 + H20 -*> H2C = CH— CH + CH3OH + HC1 

The products of the reaction might seem to have little relationship to the starting materials. 

Furthermore, the reaction is a rapid one, while most primary halides and most ethers are quite 

unreactive under the same conditions. 

Fortunately, the theory of resonance provides a simple explanation for the formation of the 

reaction products as well as for the rapid rate of the reaction. Resonance theory originated as valence 

bond theory, a mathematical technique for approximating the quantum mechanical wave functions 

for molecules by combining the wave functions for several possible electronic structures.2 A qual¬ 

itative theory was derived from this idea to deal with some deficiencies in the standard method of 

depicting the structures of molecules and ions by means of individual structural (Lewis) formulas. 

Consider a positively charged CH2 group bonded to a double bond (an allyl cation), for 

instance. Although a standard Lewis formula, 1, for the cation suggests that just one carbon bears 

a positive charge, the orbitals of the tt bond are so close to the empty p orbital that the it electrons 

actually spread out over all three p orbitals. The electrons, and the bonds they form, are then said 

to be delocalized. The two it electrons are shared among three carbon atoms, rather than two. In an 

allyl anion, four electrons would be shared among three carbon atoms. 

(12) 

Unfortunately, there doesn't seem to be a good way to show the structure of a molecule or 

ion of this type by means of a single structural formula. In the resonance method, this deficiency is 

overcome by using a combination of several Lewis formulas to represent the actual structure of a 

molecule or ion with delocalized bonds. The individual formulas are called resonance forms, or 

canonical forms. The fact that two Lewis formulas are resonance forms of the same molecule or 

ion is commonly indicated by placing a double-headed arrow between them. 

The resonance forms for a molecule or ion with delocalized bonds should include every “sig¬ 

nificant” structural formula that can be obtained simply by changing the positions of tt electrons or 

unshared electrons. (Curved arrows are often helpful in converting one resonance form to another.) 

© 
h2c^-ch=ch2 

rx 
lh2c^ch=ch2 

© 
h2c=ch—ch2 

© 
h2c=ch—ch2 

(13) 

Resonance forms for the allyl cation and allyl anion 

The actual structure is a “hybrid” of all the individual resonance forms, with the degree to 

which it actually resembles a particular resonance form dependent on the relative energies of the 
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individual structures. The lower in energy a particular resonance form would be (if it actually 

existed as an individual structure), the more closely the actual structure will resemble that reso¬ 

nance form. (Since the two resonance forms for the allyl cation are indistinguishable, they con¬ 

tribute equally to the actual structure. The positive charge is shared equally by Cl and C3.) 

It is important to stress that resonance forms are simply crutches used to compensate for 

our difficulties in drawing delocalized bonds. Resonance forms never have any individual exis¬ 

tence. The it electrons in the allyl cation, for instance, do not flip between Cl and C3. There is 

always half a rr bond between Cl and C2 and half a tt bond between C2 and C3, and there is 

always half a positive charge on both Cl and C3. 

The double-headed arrow is a rather unfortunate symbol for resonance, because it so closely 

resembles the double arrows used to signify the equilibrium between the starting materials and 

the products of a reaction. Don’t be fooled by the double-headed arrow. Since resonance forms 

have no real existence, there can never be an equilibrium between them. Each resonance form is 

simply meant to provide some of the information necessary to depict the hybrid structure of a mol¬ 

ecule with delocalized bonds. 

In order to avoid drawing several resonance forms for a single molecule or ion delocalized 

bonds are sometimes represented by dotted lines. This method probably has more disadvantages 

than virtues. Consider the dotted-line representation of cation 2, for instance. Can you easily see 

which four carbon atoms are positively charged? If you can, it is probably because you have men¬ 

tally drawn the four resonance forms for the ion. 

© 

li 
CH 

I i (14) 

2 

Significant and insignificant forms. Resonance forms that would be a great deal 

higher in energy than other forms (if they actually existed as individual structures) may be con¬ 

sidered “insignificant” and their contributions to the hybrid structure may be ignored. 

Unfortunately, confusion often exists over which resonance forms should be considered “signifi¬ 

cant” and which “insignificant.” 
To a first approximation, we need consider only those resonance forms that have the maxi¬ 

mum number of bonds that may be drawn for a particular structure. Ethene, for instance, can be 

considered to have only one significant resonance form. The diradical and dipolar resonance 

forms, which each have one less bond than the doubly bonded form, are so high in energy that 

they can be ignored. (The dipolar resonance forms of carbonyl groups are so useful in illustrating 

h2c—ch2 
© © 

h2c—ch2 
§ © 

h2c—ch2 

Insignificant resonance 
forms of ethene 

O 
(15) 

II 
R—C —R R—C—R 

© 

Nonpolar and dipolar resonance 
forms of a ketone 
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the properties of aldehydes and ketones that they are often treated as significant. The dipolar prop¬ 

erties of carbonyls, however, can be explained entirely on the basis of inductive effects, without 

requiring a significant resonance contribution.*) 

In contrast to forms lacking the maximum number of bonds, every resonance form that can 

be drawn without losing one or more bonds must be considered to be significant. The dipolar res¬ 

onance forms for enol ethers and enamines, for instance, are certainly less important than the non¬ 

polar forms. However, they have the same number of bonds and are therefore significant forms. 

This can be demonstrated from 13C and ]H NMR spectra. In those spectra the peaks for the carbons 

bearing negative charges in the dipolar resonance forms and for the hydrogens on those carbons 

appear far upfield from typical vinyl carbon and hydrogen signals. 

© © 
h2c=ch—och3 *—> h2c—ch=och3 

an enol ether 

0 © 
H2C=CH— N(CH3)2 <-» H2c— CH=N(CH3)2 

an enamine 

Hyperconjugation resonance forms, involving the delocalization of cr bonds rather than it 

bonds, are not usually included among the significant resonance forms for neutral molecules. 

However, the appreciable stabilization of carbocations by alkyl groups is at present usually attrib¬ 

uted to hyperconjugation rather than to inductive effects. Stabilization of free radicals by alkyl 

groups is similarly attributed to hyperconjugation. 

H CH,CH, H® CH2OT H @CH,CH, 
I © I I I (IV) 

h2c—ch— ch2 «—> h2c=ch—ch2 <—* h2c—ch=ch2 

Some hyperconjugation resonance forms of the 2-pentyl cation 

Although hyperconjugation is sometimes described as “no-bond resonance,” hyperconju¬ 

gation does not involve breaking bonds. As always, the actual structures are hybrids of all the res¬ 

onance forms. Since resonance forms with a bonds are more important than those with tt bonds 

(because of the greater bond energies of a bonds), the actual structures will closely resemble the 

forms with cr bonds, but with the electrons in those bonds slight drawn toward the empty, or half- 
empty, orbitals. 

Using resonance structures. Representing chemical structures as hybrids of several 

resonance forms may seem a rather crude device, but it has served remarkably well as a means for 

*“Diradical” resonance forms of conjugated dienes and polyenes are often invoked to account for the greater sta¬ 

bilities of molecules with conjugated double bonds compared to their isomers with isolated double bonds. However, it has 

been argued that these forms are insignificant and that the stabilities of conjugated polyenes are due to the strengths of the 

sp2-sp2 single bonds linking the double bonds.3 

[CH2-CH-CH=CH2 4—♦ ch2— ch= ch— ch2 <—> ch=ch-ch-ch2] 

“Diradical” resonance forms of 1,3-butadiene 
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chemists to understand and predict the properties of molecules and ions with delocalized bonds. It 

is not infallible and in recent years has been supplemented, and partially supplanted, by molecular 

orbital theory (discussed in Chapter 2). However, qualitative resonance theory remains an essen¬ 

tial way for chemists to think about and understand many organic reactions. 

There are two basic rules to follow in using resonance structures to predict possible products 

of organic reactions and to propose reasonable mechanisms: 

1. Draw all significant resonance structures for every molecule or ion taking part in a reaction. 

2. Imagine that each resonance form has an individual existence, with localized bonds and 

charges, and draw the reaction products that should arise from each form. Each such 

product is a possible product of the actual molecule or ion. 

Let’s apply these rules to the reaction in Eq. 11 (which is repeated below as equation 18a). 

ci—ch2—ch=ch—och3 + h2o 

II 
H2C = CH—CH + CH3OH + HC1 

Only one reasonable reaction may be anticipated in the first step; dissociation of the carbon-chlo¬ 

rine bond to form a carbocation (Eq. 18b). Obeying rule 1, we draw all the resonance forms (3a to 

3c) for the carbocation. Then, obeying rule 2, we consider the possible reactions of the individual 

resonance forms. 

Cl — CH,— CH = CH— OCH3 

© 
h,c=ch—ch=och3 

3c 

H2C^CH^ CH—OCH3 

3a 

(18b) 

© A 
H2C = CH— CH— OCH3 

3b 

In this case, we will show only the reactions of 3a and 3b (Eqs. 18c and 18d), since 3c would give 

the same products as 3a and 3b. 

rOH2 Cl® 
© 

h2c—ch=ch—och3 

h. ©n.H 
O 

I 
H2c —CH=CH—OCH3 

i 
HOCH2 —CH=CH—OCH3 + HC1 

(18c) 
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H,0^ Cl° 
© 

H2C = CH —CH—OCH3 

O 

S' 
Cl 

0 

H2C = CH—CH—OCH3 (18d) 

I . 

OH 

H2C = CH— CH— OCH3 + HC1 

A quick inspection of the product of reaction 18d shows that it is a hemiacetal; hemiacetals 

are rapidly converted to carbonyl compounds in acid solutions. (The solution has become acidic, 

because HC1 was formed in the reaction steps shown in Eqs.l8c and 18d.) 

OH h-Q:i 
1 r 

H2C = CH— CH— OCH3 - 

O 
II 

HOCH3 + H2C = CH—CH + 

Cl 
0 

COH H 
M f\/ 

h9c=ch—ch^-o© 
\ 
CH, 

© Q 
oh cr 

HCl HOCH3 + H2C = CH—CH 

(18e) 

As usual, what might (or might not, depending on your degree of chemical sophistication) 

seem a rather surprising reaction is simply the result of a combination of several very common 

reactions. The key to proposing the mechanism was to follow rule 1 and to draw all the resonance 

forms before worrying about any succeeding steps. 

Each product of a reaction can actually be obtained from any resonance form of the starting 

material, since the resonance forms are simply different representations of the same molecule or 

ion. This is shown in Eq. 18f, employing resonance form 3a. 

r°H2 OH, 

h2c^ch=ch—och3 «—*> H2C=CH—CH (18f) 

3a OCH3 

Unless you have a good deal of experience in writing organic reaction mechanisms, how¬ 

ever, it is best to begin by drawing the individual resonance forms. 

Which products are actually formed? Up to this point we’ve ignored the fact that 

Eqs. 18c and 18d show the formation of different products. In this reaction, as it happens, both 

products are formed. This is not necessarily true for every reaction involving starting materials or 

intermediates with several resonance forms. 

Rule 2 for the use of resonance theory shows how to predict possible products from reactions 

of a molecule or ion with delocalized bonds. However, it does not predict which of these products 

will actually be formed, or in what proportions. Unfortunately, there is no simple set of rules that 
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will reliably predict which products, from among several reasonable possibilities, will actually be 

obtained from the reactions of a molecule or ion with several significant resonance structures. 

Consider, for instance, the results of the protonation of a “dienolate” anion such as 4, in 
solutions that remain basic throughout the reaction. 

4b 4c 

Careful studies have shown that the kinetic (fastest-formed) product of the reaction is the enol, 5.4 

However, rapid equilibration of the enol with its anion results in conversion of the enol to ketone 6, 

which, in turn, can be almost entirely converted to the more stable conjugated ketone, 7, the ther¬ 

modynamic product. Thus, the products that would result from the protonation of each individual 

resonance form are obtained, but the relative amounts of each depend on the reaction time and reac¬ 

tion conditions. 

(20) 

5 4 7 

Not infrequently, the kinetic product of a reaction is the product that would appear to be for¬ 

mally derived from the principal resonance form of the starting material, as is the case in the pro¬ 

tonation of 4. However, that is far from a general rule. The reaction of anion 4 with methyl iodide 

(Eq. 21), for instance, yields the product from alkylation at the carbon a to the carbonyl group, 

rather than at the oxygen atom. (No alkylation occurs at the y carbon.) Acylation of the anion, on 
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the other hand, usually takes place on oxygen rather than a carbon atom. There are reasonable 

explanations for the different courses of these reactions.* However, there are no general rules that 

can reliably predict the relative yields of products from reactions of molecules or ions with delo¬ 

calized bonds. Chemists attempting the synthesis of organic molecules, who must be able to pre¬ 

dict the principal products of the reactions they are using, simply have to know which products 

have previously been obtained from similar reactions. 

h3c h 

Resonance Stabilization 

Resonance energies. A molecule or ion with delocalized bonds is always more stable 

(that is, lower in energy) than its lowest energy resonance form. The difference in energy between 

the actual structure and the lowest energy form is called the resonance stabilization energy (or 

simply the resonance energy). 

The resonance energy of a molecule or ion depends, in part, on the number of possible res¬ 

onance forms. Other things being equal, any molecule (or ion) will have a larger resonance energy 

than a closely related molecule with a smaller number of resonance forms. The resonance energy 

of the allyl radical, for instance, is about 12 kcal/mol, while the resonance energy of the pentadi- 

enyl radical is about 19 kcal/mol. 

[h2c=ch—ch2 «—*> h2c—ch=ch2] 

RSE - 12 kcal/mol 

h2c—ch=ch— ch=ch2 «—» h2c=ch— ch— ch=ch2 

(22) 

H ,C = CH— CH= CH— CH2] 

RSE = 19 kcal/mol 

The value of the resonance stabilization energy also depends on the relative stabilities of 

the various resonance forms. The closer in energy the different resonance forms are, the greater the 

degree of delocalization of the electrons and the higher the resonance energy. Resonance stabi¬ 

lization of the a-keto radical 8, for instance, appears to be appreciably less effective than that of the 

allyl radical, although it is difficult to assign a specific value to its resonance energy.7’8 

O 

ch2— c—ch3 

o' 

ch2=c—ch3 

*For instance, the different courses of alkylation, protonation, and acylation of enolate anions may be accounted for 

by the principle of hard and soft acids and bases,5 or by the Hammond postulate.6 
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It is important not to confuse resonance with aromaticity. Resonance is a general term 

applied to the phenomenon of bond delocalization. Aromaticity, and antiaromaticity, are special 

properties of rings composed entirely of conjugated tt bonds, empty orbitals, or unshared pairs of 

electrons. Unlike other delocalized systems, which are always stabilized by resonance, the energies 

of aromatic and antiaromatic systems may be either higher or lower than those of their lowest 

energy resonance forms, depending on the number of electrons in the rings. (For a discussion of 
aromaticity, see Chapter 2, pp. 35-37.) 

Nonplanar tt systems. In order for electrons to be delocalized over several p orbitals, 

the orbitals should be lined up parallel to each other. If one or more orbitals are twisted away from 

a parallel arrangement, the energy of the system will be increased. If two orbitals are at right angles 

to each other, delocalization of electrons between them cannot occur. 

The possibility of nonparallel arrangements of orbitals rarely causes trouble in open-chain tt 

systems. Since delocalization of electrons always lowers the energies of the molecules or ions, 

the orbitals will usually stay in the lowest-energy (parallel) conformations. However, in some 

cyclic molecules it may be difficult or impossible for orbitals to maintain a parallel arrangement. 

This fact can be demonstrated by the remarkable differences between the reactivities of tri- 

phenylmethyl bromide (9) and 9-bromotriptycene (10).9 

(23) 

10 11 
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Bromide 9 dissociates easily to form the triphenylmethyl cation, since the positive charge in the 

cation can be distributed over no fewer than 10 carbons. In contrast, 10 could not be forced to 

undergo ionic dissociation even when heated with strong Lewis acids.8 The remarkable lack of 

reactivity of bromide 10 can be accounted for by the fact that the empty p orbital of its cation, 11, 
would be essentially at right angles (orthogonal) to the tt systems of the aromatic rings.* In effect, 

double bonds between the vacant p orbital of 11 and the adjacent aromatic ring would be so weak 

that resonance forms showing those double bonds would be insignificant. 

Crowding by neighboring atoms can sometimes prevent molecules from adopting confor¬ 

mations in which p orbitals, or orbitals containing unshared electrons, are parallel to each other. 

This phenomenon is called the steric inhibition of resonance. For instance, 2,4,6-trinitroaniline 

(12) is more than 104 times less basic than its yV,./V-dimethyl derivative (13),10 even though alkyl 

substitution usually has only a slight effect on the basicity of anilines. 

The ortho-nitro groups in 13 prevent the molecule from adopting a conformation with the methyl 

groups in the plane of the aromatic ring. That would be the only conformation in which the 

unshared electrons on the amino group could interact effectively with the tt systems of the ring and 

the nitro groups. Thus, more resonance energy is lost on protonation of 12 than of 13, and 13 is far 
more basic. 
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PROBLEMS 

1. Propose reasonable mechanisms for each of the following reactions. Use curved arrows to show any 

changes in the positions of electrons. Do not combine any two steps into one. 

(c) H2C=CH—CH—CH 
H,SO, 

H3CCH—CH=CH 

(d) H2C=CH—CH=CHCH3 + H20 
h2so4 

OH 

H3C—CH— CH—chch3 

(e) CH3CH=CH—OCH3 + HzO 
HCl 

o 
II 

ch3ch2ch + ch3oh 

CH, CH, 

(f) H,C=C—CH,CH2CH— c=ch2 
h,so4 

HCl 
(g) HC=C—OCH3 + H20 

O 
II 

h3ccoch3 
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(j) Although the reactions in (h) and (i) occur readily, no elimination takes place when 4-ethoxycyclo- 

hexanone is heated in sodium hydroxide solution. Explain why this is so. 

OH 
I 

(n) CH,—C—CH=CH, 
I 
C=N 

NaOCH3 

o 

ch3cch2ch2c=n 
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2. (a) Phenol A has a pKa of 7.22, while its isomer, B, has a pKa of 8.25 (G.W. Wheland, R.M. Brownell, 
and E.C. Mayo, J. Am. Chem. Soc., 70, 2492 [1948]). 

OH 

CH, 

OH 

CH, 

Explain why A is a much stronger acid than B. 

(b) Benzoquinuclidine (D) is a significantly weaker base than quinuclidine (C) but a significantly 

stronger base than A.A-dimethyaniline (E) (B.M. Wepter, Rec. Trav. Chim., 71, 1171 [1952]). Account 
for these facts. 

pKa of conjugate acid: 10.65 7.79 5.20 



Chapter 2 

Electrocyclic Reactions 

2.1 INTRODUCTION 

Reactions in which conjugated polyenes close to rings or rings open to polyenes simply by having 

electrons “chase each other’s tails” around in a circle are called electrocyclic reactions. These 

are among the conceptually simplest organic reactions. (It doesn’t matter in which direction the 

curved arrows depicting electron motions are drawn in electrocyclic reactions, as long as they all 

proceed in the same direction.) 

Electrocyclic reactions belong to a broader class of reactions called pericyclic reactions. 

Several other types of pericyclic reactions will be discussed in later chapters. All pericyclic reac¬ 

tions proceed via transition states in which the electrons taking part in the reactions can be con¬ 

sidered to form continuous rings. 

The equilibrium between the open-chain and ring forms* in an electrocyclic reaction will 

usually favor the ring, since closing the ring will convert a tt bond, with a bond dissociation energy 

*The two isomers in an electrocyclic reaction are sometimes called valence tautomers. This is a rather unfortunate 

name, since tautomers (such as the keto and enol forms of carbonyl compounds) are isomers that are rapidly intercon- 

verted and usually differ in the location of a hydrogen atom. In contrast, the interconversion of two molecules by electro¬ 

cyclic processes may, or may not, be very rapid. 

20 
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(BDE) of roughly 63 kcal/mol, to a a bond, with a BDE averaging about 85 kcal/mol. Therefore, 

1,3,5-hexatrienes will usually close to form 1,3-cyclohexadienes on heating, as shown in Eq. 1. 

However, a cyclobutene will usually open to form a 1,3-butadiene on heating, as shown in Eq. 2, 

since relief of the strain in the cyclobutene ring more than compensates for converting a a bond to 
a it bond.1,2 

The differences in energy between the open-chain and closed-ring isomers in electrocyclic 

reactions are usually not great. Therefore, partial conversion of the more stable isomers in elec¬ 

trocyclic reactions to the less stable forms may easily occur as steps in longer mechanisms. For 

instance, conversion of cfs,cw-2,4-hexadiene to trans,trans-2,4-hexadiem on heating (Eq. 3) can 
easily be accounted for as the result of two electrocyclic steps. 

(3) 

2.2 CONROTATORY AND DISROTATORY PROCESSES 

When a polyene undergoes an electrocyclic ring closure to form a cycloalkene, the terminal car¬ 

bons of the polyene chain must rotate approximately 90° to convert the p orbitals on those carbons 

into the sp3 orbitals forming the new <x bond. The substituents on those carbons must therefore be 

rotated into a plane that is approximately at right angles to the newly formed ring. Conversely, in 

the ring opening of a cycloalkene, the substituents on the atoms forming the bond being broken 

will rotate into the plane of the new double bonds. 

In any electrocyclic reaction, these rotations might, in principle, proceed in two ways. For 

instance, the terminal carbons of a polyene, or the saturated carbons of the cyclized form, might 

rotate in the same direction (both moving in either a clockwise or counterclockwise direction), as 

in Eqs. 4 and 5. Reactions proceeding in this manner are called conrotatory. 

H3C- 

H 

CH 
3% 

H 
CH3 H 

(4) 

h3c <LJ \ CH, H3C 

H H 

H 

\|_V 

H CH, 
conrotatory reactions 

(5) 

Alternatively, the terminal carbons of a polyene chain or the saturated carbons of a 

cycloalkene may rotate so that one carbon follows a clockwise path and the other a counterclock¬ 

wise path: 
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disrotatory reactions 

Electrocyclic reactions of this type are called disrotatory. (The “heavy” arrows showing direc¬ 

tions of group rotations in these equations should not be confused with the regular curved arrows 

indicating electron motions.) 
The terms “conrotatory” and “disrotatory,” as well as “electrocyclic” and “pericyclic,” were 

coined by Robert B. Woodward and Roald Hoffmann of Harvard University in 1965.*1 Woodward 

and Hoffmann pointed out that the stereochemistries of pericyclic reactions (that is, which 

stereoisomers may be formed in the reactions) are governed by selection rules, according to which 

the formation of some stereoisomers is “allowed” and others are “forbidden.” (Despite the 

absolute sounds of these terms, forbidden reactions are simply expected to occur with much 

higher activation energies than allowed reactions.) These selection rules are now commonly 

known as the Woodward-Hoffmann rules. 

The first Woodward-Hoffmann rule states that thermal electrocyclic reactions involving 4n 

electrons (where n is an integer) are allowed if they proceed by conrotatory paths; thermal elec¬ 

trocyclic reactions involving 4n + 2 electrons are allowed if they proceed by disrotatory paths. 

(Note the word “thermal,” which indicates that the reactions under discussion do not require pho¬ 

toirradiation to proceed.) 

Each electrocyclic ring closure of a 1,3-butadiene or ring opening of a cyclobutene involves 

four electrons: the electrons in the two tt bonds of a butadiene or in one tt bond and one cr bond of 

a cyclobutene. Therefore, these reactions proceed by conrotatory paths, as shown in Eqs. 3 to 5. 

Ring closures of 1,3,5-hexatrienes or ring openings of 1,3-cyclohexadienes proceed by disrota¬ 

tory paths, as in Eqs. 6 and 7, since they involve six electrons in each case.* 

Many studies, both before and after the formulation of the Woodward-Hoffmann rules, 

show that most thermal electrocyclic reactions do indeed follow the rules. For instance, the inter¬ 

conversion of stereoisomers la and lb, which presumably proceeds by two consecutive electro¬ 

cyclic reactions as shown in Eq. 8, has been studied. After la was heated at 124°C for 51 days, 

♦Robert Bums Woodward (1917-1979) was the preeminent organic chemist of his generation. He received the 

Nobel Prize in 1965 for his work on the synthesis of natural products, which included the first total syntheses of quinine, 

cholesterol, cortisone, strychnine, and chlorophyll. Had he lived, he would undoubtedly have shared a second Nobel Prize 

in 1981. Roald Hoffmann (b. 1937) shared the Nobel Prize in chemistry in 1981 with K. Fukui of Japan for their work on 

molecular orbital theory and pericyclic reactions. 

'When writing the mechanism for an electrocyclic reaction, a curved arrow should start at each bond involved in the 

reaction. Thus, if the curved arrows are drawn properly, theimal electrocyclic reactions requiring even numbers of curved 

arrows proceed by conrotatory paths; those involving odd numbers of curved arrows proceed by disrotatory paths. 
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closure of the butadiene to the cyclobutene form and reopening of the cyclobutene had taken 

place an average of more than 2 X 106 times for each molecule. Yet not the smallest trace of iso¬ 

mers lc or Id, which would arise by a forbidden disrotatory ring closure or opening, could be 
detected!4 

The Woodward-Hoffmann rules should apply to thermal electrocyclic reactions involving 

any number of electrons. Indeed, within experimental limits, only the predicted conrotatory prod¬ 

ucts are formed on heating the three isomeric tetraenes shown in Eqs. 9 and 10.5 

\ CH3 

Y-h 

CH-, 

'H 

(10) 

(There are two allowed modes of rotation in any electrocyclic reaction, since each carbon 

may rotate in a clockwise or counterclockwise direction. Recent work has shown that in thermal 

ring opening reactions of cyclobutenes, electron donating substituents or weakly electron accept¬ 

ing substituents tend to end up on the “outsides” of the butadiene chains, while strongly electron 

accepting substituents are more likely to be rotated toward the “inside” positions.6 An interesting 

result of this fact is that different isomers of pentadienoic acid are obtained when cyclobutene- 

3-carboxylic acid is heated in acidic or basic solutions.) 
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The Woodward-Hoffmann rules can account for the stabilities of some molecules that 

might otherwise be quite reactive. For instance, the bicyclic hydrocarbon 2 is stable at tempera¬ 

tures up to 260°C,7 even though cyclobutenes normally open to butadienes on heating at steam- 

bath temperatures! 

Similarly, in the tricyclic cyclobutene derivatives shown below, each civ-fused isomer requires a 

temperature nearly 200°C greater than its t runs-fused isomer to have the central ring open at a 

comparable rate.8 In all of these reactions, the allowed conrotatory ring openings of the civ-fused 

isomers would require forming strained rings containing double bonds with iranv-configurations. 

(In fact, only Z,Z-l,3-cycloheptadiene, formally the product of a forbidden electrocyclic reaction, 

is formed on thermolysis of 2. Unfortunately, it can’t be determined whether this means that the 

Woodward-Hoffmann rules were violated, since the E,Z isomer would rapidly isomerize to the 

Z,Z isomer at the temperature necessary to open the cyclobutene ring of 2.) 

H 

Temperature required for 
Ea(kcal/mol) k= 10-4sec-1 

45 273°C 

27 109°C 

42 261°C 

29 87°C 
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The Woodward-Hoffmann rules can explain the existence of some extraordinarily high- 

energy molecules. “Dewar-benzene” (3), for instance, is stable at room temperature,9 although it 

could isomerize to benzene simply by changing some bond angles by a few degrees. Isomerization 

of Dewar-benzene to benzene has been estimated to be exothermic by about 79 kcal/mol,10 since 

not only would an aromatic ring be formed, but the strain energy of two cyclobutene rings would 

be relieved. However, an allowed conrotatory opening of a cyclobutene ring in Dewar-benzene 

would yield an extraordinarily strained isomer of benzene with one trans-double bond. Thus, nei¬ 

ther the allowed nor the forbidden processes occur rapidly at room temperature. However, at only 

slightly higher temperatures, Dewar-benzene does isomerize to benzene. 

Isomerization of the remarkable polycyclic alkene 4 to its isomer, bianthranyl, would not 

only release a large amount of strain energy but would result in the formation of two new aro¬ 

matic rings. Nonetheless, this molecule has a half-life of about 30 minutes at 80°C.n The stability 

of the molecule can be accounted for by the fact that only a conrotatory ring opening, which would 

give rise to an aromatic ring with a trans double bond, would be allowed. 

(14a) 

(In spite of the size of the molecule, its ring opening can be regarded as simply an eight-electron 

process, as shown in Eq. 14b.) 

(14b) 
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It is not clear whether the isomerizations of Dewar-benzene and compound 4, or other 

apparent examples of “forbidden” electrocyclic reactions, actually violate the Woodward- 

Hoffmann rules.* Up to now we have assumed that both terminal carbons of a polyene (or sp3 

carbon of a cycloalkene) must rotate simultaneously. There is another possibility. Initially, just 

one end of a polyene, for instance, might rotate (or might rotate to a much greater extent than 

the other end), breaking a it bond to form a diradical, as shown in Eq. 15. Rotation of the other 

end of the chain could then result in formation of the ring isomer. Unlike concerted electrocyclic 

reactions, such two-step mechanisms would not be expected to be stereospecific but should give 

rise to mixtures of stereoisomers. (The Woodward-Hoffmann rules do not apply to nonconcerted, 

diradical reactions.) 

Activation energies for ring closures (or ring openings) by diradical mechanisms should 

normally be much higher than those for allowed electrocyclic reactions. However, diradical mech¬ 

anisms may be preferable to reactions by forbidden paths. 

2.3 EXPLANATIONS FOR THE WOODWARD-HOFFMANN RULES 

Woodward and Hoffmann’s original paper on electrocyclic reactions3 was intended to explain 

the reasons for the existence and nature of selection rules in electrocyclic reactions, not just to 

describe the rules. Since then, several other ways to explain the rules have been proposed. 

These explanations are for the most part complementary to the original Woodward-Hoffmann 

explanation. 

Symmetries of Molecular Orbitals 

Before considering any of the explanations for the Woodward-Hoffmann rules, it is important to be 

familiar with qualitative procedures for determining the symmetries of molecular orbitals. 

Whenever two atoms with half-empty orbitals (two hydrogen atoms, for instance) approach 

each other, two results are possible. If the wave functions of the electrons are in phase (shown in 

* Theoretical calculations indicate that the lowest energy path for isomerization of Dewar-benzene to benzene is by 

an allowed conrotatory ring opening to form “rrans-benzene” (Eq. 14c), which then undergoes a second isomerization 

step to form benzene.12 
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the following diagram by shading both orbitals), the atoms can form a bond, resulting in the for¬ 

mation of a molecule that is lower in energy than the “zero energy level” of the two unbonded 

atoms. In effect, a new molecular orbital is formed by combining the two atomic orbitals of the 

individual atoms. Mathematically, this can be done by the linear combination of atomic orbitals 

(LCAO), so that if 4>, and 4>2 are the wave functions for the atomic orbitals, the wave function for 

the molecular orbital, vjr, can be approximated by the equation i|t = + c24>2. The coefficients, 

cx and c2, are proportional to the contributions of the two atomic orbitals to the molecular orbital, 

and the squares of the coefficients are proportional to the electron density in the neighborhood of 
each atom. 

wave functions 
out of phase 

wave functions 
in phase 

node 

antibonding orbital 

Energy levels 

<-antibonding 

• atomic orbitals 

bonding orbital bonding 

Formation of bonding and antibonding orbitals 

If the wave functions of the two atoms are out of phase, there will be a net repulsion rather 

than a net attraction between the two atoms. (The molecular wave function would then be v|t = 

Cjtjrj — c24>2.) If the atoms are held at bonding distance, a new molecular orbital would still be 

formed, but this orbital would be an antibonding orbital, with an energy that exceeds that of the 

“zero level” to the same degree that the bonding orbital would be lower in energy. Whereas the 

electron density in a bonding orbital is highest at the midpoint between the two atomic nuclei (if 

the two atoms are identical), the electron density in an antibonding orbital is lowest at that point. 

The wave function of the antibonding orbital is said to have a node at that point. 

Mathematically, bonding molecular wave functions will form when the wave functions of 

the individual atoms have the same sign: either both + or both —. (Remember, these are purely 

mathematical signs. They have no relation to the negative charge on an electron or the positive 

charge on an atomic nucleus.) It should be noted that the number of molecular orbitals will always 

be the same as the number of atomic orbitals from which they are formed. 

Instead of discussing only the interactions of two half-filled orbitals, we can consider 

orbitals in the abstract, free of any electrons they may hold. Orbitals by themselves cannot form 

bonds, but we can imagine the interaction of any two orbitals as resulting in the formation of one 

low-energy bonding orbital and one high-energy antibonding orbital, which can potentially form 

new bonds (or new “antibonds”) if electrons are inserted into them. 

In the preceding discussion we’ve been picturing spherical s orbitals. If instead we consider 

the interaction of two p orbitals, we should remember that each lobe of a p orbital is opposite in 

phase to the other lobe. Thus, if two p orbitals approach each other in a “side-by-side” manner, 

whether bonding or antibonding orbitals are formed will depend on whether the lobes coming 

together are in phase or out of phase (that is, whether they have the same or opposite signs). 



28 Chapter 2 Electrocyclic Reactions 

wave symmetry in relation 

Energy levels functions to the mirror plane 

Formation of tt and tt* orbitals 

The bonding orbital formed from the side-by-side interaction of two p orbitals is called a tt orbital, 

and the antibonding orbital is called a tt* orbital. The wave function for the tt orbital will have its 

largest value at the center of the new orbital, while the wave function for the tt* orbital will have 

a node at the center of the orbital. 

Suppose we try to combine atomic orbitals for three p orbitals side by side. Three atomic 

orbitals must give rise to three new molecular orbitals. It’s easy to see how two of these orbitals are 

formed. 

symmetry 

If all three orbitals are in phase, a new, very low-energy molecular orbital (iJ/j) will be formed. If 

the center orbital is out of phase with both end orbitals, a high-energy molecular orbital (t|t3) with 

two nodes—that is, one in which each orbital repels the orbital next to it—will be formed. But 

how about the third orbital? There are constraints as to how you can combine atomic orbitals. 

When p orbitals are lined up side by side, the array has a vertical plane of symmetry (a mirror 

plane) as a symmetry element. Therefore, the molecular orbitals formed by combining the atomic 

orbitals must also have a mirror plane as a symmetry element—that is, the central atomic orbital 

must have the same relationship to both end orbitals. However, we’ve already constructed molec¬ 

ular orbitals with the central orbital in phase and out of phase with the end orbitals. The only other 
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possibility is to eliminate the center atomic orbital completely—that is, to have the coefficient of 

the wave function of the molecular orbital drop to zero at that point so that the new orbital has a 

node at that atom. Since the two remaining atomic orbitals are far from each other, the third mol¬ 

ecular orbital (4>2) will essentially remain at the “zero energy level” of atomic orbitals. 

It’s easy to construct molecular orbitals from the linear combination of four atomic orbitals: 

(In the last two diagrams, the p orbitals are shown connected by a bonds, as they would be in 

polyenes.) 
No matter how many atomic orbitals are combined, the lowest-energy orbital in an open 

chain of p orbitals (iJjj) has no nodes, the second lowest (v}/2) has one node, the next has two nodes, 

and so on. As a result, the lowest-energy orbital is symmetric around the mirror plane and the 

next lowest is antisymmetric: that is, the mirror image of each side would replace each + lobe 

with a — lobe, and vice versa. The third-lowest orbital is again symmetric, and the next antisym¬ 

metric, around the mirror plane until the highest-energy orbital is reached. 

Of course, real molecules have electrons in some of their orbitals, so let’s insert electrons 

into the orbitals to make neutral molecules. Following the standard “aufbau” approach, electrons 

will go into the lowest available orbitals, with, of course, a maximum of two electrons in each 

orbital. For the two-atom system, the two electrons will fill the tt orbital, while the tt* orbital will 

remain empty. The tt orbital will therefore be the highest occupied molecular orbital (HOMO) 

and the tt* orbital the lowest unoccupied molecular orbital (LUMO). In a four-orbital system, 

the four electrons necessary to make a neutral molecule will fill orbitals v|tj and iji2, so that \\>2 

would be the HOMO and i|>3 the LUMO. In a six-orbital system, i|>3 would be the HOMO and i|/4 

the LUMO. 
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Notice that in systems containing An + 2 electrons the HOMO is symmetric, and in sys¬ 

tems containing An electrons the HOMO is antisymmetric. 

The Frontier Orbital Approach 

It is common in chemistry for the chemical properties of atoms (at least of atoms in the first two 

rows of the periodic table) to be approximated by considering only the properties of the highest 

occupied orbitals—the valence orbitals. The lower orbitals can be pretty much ignored. 

A similar approach can be employed with molecules. Ignore lower-energy orbitals, and con¬ 

sider only the properties of the HOMOs (the frontier orbitals).* 

Suppose, for instance, that a linear system of six p orbitals (e.g., 1,3,5-hexatriene) is folded 

around so that the ends of the chain approach each other. In the neutral molecule, the HOMO will be 

i^3, which is symmetrical, so that the two ends of the system will be in phase. The top lobe at one 

end of the molecular orbital will attract the top lobe at the other end, and the bottom lobe at one end 

will attract the bottom lobe at the other. When a a bond is formed between the two ends of the 

chain, the two top lobes (or two bottom lobes) will rotate so as to overlap end to end. This results in 

a disrotatory reaction, as Woodward and Hoffmann pointed out. 

Now let’s consider the effect of bringing the two ends of a neutral molecule with four mol¬ 

ecular orbitals (e.g., butadiene) together. In this case, the HOMO, v|/2, is antisymmetric, so that 

*The frontier orbital approach was pioneered by Kenichi Fukui12 of Kyoto Imperial University, who shared the 

Nobel Prize in 1981 with R. Hoffmann. 
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the top lobe at one end of the orbital will repel the top lobe at the other. The top lobe at one end will 

attract the bottom lobe at the other. To form a new cr bond, the top lobe at one end will rotate to 

meet the bottom lobe on the other, resulting in a conrotatory process. 

The frontier orbital approach is very useful. It is simple, easy to visualize, and applicable to 

a wide variety of processes—not just to electrocyclic reactions but to many addition reactions 

and rearrangements as well. However, it is not really satisfying theoretically. Entire molecules are 

involved in electrocyclic reactions, and all of their molecular orbitals change, not just the frontier 

orbitals. Thus, even though frontier orbital approaches give the right answers, it would be nice to 

have a theoretically more exact approach. 

Correlation Diagrams 

The correlation diagram approach to electrocyclic reactions was proposed by Longuet-Higgins 

and Abrahamson13 a few years after the appearance of the original Woodward-Hoffmann paper. A 

correlation diagram is a chart that follows the molecular orbitals of the starting materials in a 

reaction and shows how they are converted to the molecular orbitals of the products. 

For instance, let’s again consider the electrocyclic transformation of 1,3,5-hexatriene into 

1,3-cyclohexadiene, this time following what happens to all of the molecular orbitals. We already 

know about the orbitals of the triene. What are the relevant orbitals of 1,3-cyclohexadiene? Of 

course, the molecule contains a conjugated diene system, with the familiar four orbitals, t|tj to t|»4- 

In addition, a new u bond will be formed during formation of the ring from the triene. Orbitals for 

the ct bond will have to be included in our picture. These orbitals are the bonding orbital, cr, and the 

antibonding orbital a*. The bonding orbital will be lower in energy than any of the orbitals for tt 

bonds, while the cr* orbital will be correspondingly higher in energy than any of the other orbitals. 

(The orbitals of the starting hexatriene and the product cyclohexadiene are shown on page 32.) 

Each orbital in the triene is either symmetric or antisymmetric around the mirror plane, and 

so is each orbital of the product. Furthermore, molecular symmetry around the mirror plane is 

maintained throughout the reaction as the end carbons of the triene rotate to form a new a bond. 

starting material 

IK 

transition state 

IK 

product 

minor plane 

Symmetry around the mirror plane is maintained throughout the reaction 
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Disrotatory interconversion of a 1,3,5-hexatriene and a cyclohexadiene 
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As the reaction proceeds, the coefficient for each atom in each wave function changes, and each 

orbital of the triene changes into an orbital of the cyclohexadiene. Each orbital of the starting 

material must be converted to an orbital with the same symmetry. (This principle is called the 

conservation of orbital symmetry.14) 
The lowest-energy orbital of the triene, is symmetric around the mirror plane and can 

thus be converted to the lowest-energy orbital of the cyclohexadiene, cr, which is also symmetric 

around the mirror plane. (Don’t worry about the fact that i|>j contains six atomic orbitals while a 

has only two. It’s perfectly legitimate for the coefficients at some atoms to drop to zero or, going 

the other way from a to vjij, for coefficients to increase from zero to some finite value.) 

The second-lowest energy orbital of the triene, \\i2, however, cannot be converted to the sec¬ 

ond-lowest orbital of the product, since those two orbitals have different symmetries. Instead, the 

second-lowest orbital of the starting material is converted into the third-lowest orbital of the prod¬ 

uct, while the third orbital of the triene is converted to the second orbital of the cyclohexadiene. 

The remaining three orbitals of the starting material can similarly be correlated with the 

three highest orbitals of the product. (However, we don’t really have to concern ourselves with 

those orbitals at present. Since they contain no electrons, they will not affect the energy of the 

system.) The principal point to be noted is that in this disrotatory ring closure, all the occupied 

orbitals of the starting material are converted nicely to the lowest-energy orbitals of the product. 

Now let’s try a similar disrotatory ring closure of 1,3-butadiene to cyclobutene, iftj can be 

converted to cr, but i|r9 cannot be converted to tt, the second-lowest orbital of the cyclobutene. 

1,3-butadiene cyclobutene 

Disrotatory conversion of 1,3-butadiene to cyclobutene 
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Instead, to conserve symmetry around the mirror plane, 4»2 must be converted to -tt*, while vj>3 is 

converted to tt. The result is that the filled orbitals of the starting material cannot be directly con¬ 

verted to bonding orbitals of the product. Instead, this process would lead to a very high-energy 

excited state of the product, with two electrons in an antibonding orbital. 

Similarly, in the reverse reaction—the ring opening of a cyclobutene to a 1,3-butadiene—the 

electrons in the tt orbital would have to be raised to a 4>3 orbital, forming an excited state of the prod¬ 

uct. In fact, this does not appear to happen. Somewhere along the reaction path, electrons will shift 

from the original tt orbital to the i\i2 orbital being formed. However, this process would still require a 

very high activation energy—usually much higher than is required for symmetry-allowed processes. 

Up to now, when we’ve discussed the symmetries of molecular orbitals, we’ve always talked 

about their symmetry in relation to a mirror plane. However, molecular orbitals of polyenes have 

a second symmetry element. All of the orbitals are either symmetric or antisymmetric around a 

twofold axis of rotation. (A twofold axis of rotation can be regarded as a pin in the plane of a poly¬ 

ene or cycloalkene, passing through the middle of the polyene chain or through the sp3-sp3 bond 

of a cycloalkene and the bond on the other side of the ring.) If each molecular orbital were spun 

180° around the twofold axis, it would yield either an identical orbital or an orbital with all signs 

the opposite of what they were originally. 

As we’ve seen, the symmetries of orbitals around the mirror plane are maintained during 

disrotatory ring closures (or ring openings). In contrast, as can be seen in the next figure, the mir¬ 

ror plane is not maintained as an element of symmetry during a conrotatory ring closure. On the 

other hand, the twofold axis of rotation is maintained as a symmetry element during a conrota¬ 
tory ring closure, but not during a disrotatory ring closure. 

Transition state for a conrotatory 
reaction. Symmetry around the 

mirror plane is not maintained, but 
symmetry around the axis of 

rotation is maintained. 

Transition state for a disrotatory 
reaction. Symmetry around the 
mirror plane is maintained, but 
symmetry around the axis of 
rotation is not maintained. 

Now let’s take another look at the correlation diagram for the conrotatory ring closure of 1,3- 

butadiene to cyclobutene (page 35). This time, we’ll show the symmetries of the orbitals in rela¬ 
tion to the axis of rotation. 

Notice that vJ/j is antisymmetric in relation to its axis of rotation, since if it were rotated 180° 

around the axis, the shaded lobes would be on the bottom instead of on top. The same is true of tt. 

However, \\>2 and tt* are symmetric, since in each case a 180° rotation would bring shaded lobes 

back to the top left and bottom right of the orbital. Similarly, a is symmetric and ct* is antisym¬ 
metric in relation to the axis of rotation. 

Therefore, the two filled orbitals of 1,3-butadienes can be directly converted to the two 

lower-energy (bonding) orbitals of cyclobutene, so that the conrotatory ring closure (or ring open¬ 
ing) is a symmetry-allowed process. 

Although the fates of all molecular orbitals are depicted in correlation diagrams, the frontier 

orbitals are of critical importance. If the electrons in the HOMO must (according to the diagram) 
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1,3-butadiene cyclobutene 

Conrotatory interconversion of 1,3-butadiene and cyclobutene 

be raised to an antibonding orbital in the product (leaving an unfilled orbital of lower energy), the 

reaction will be classified as forbidden.15 
Correlation diagrams can provide elegant demonstrations of the basis for selection rules in per- 

icyclic reactions. However, like frontier orbital theory, the correlation diagram method requires 

abstracting certain elements of a reacting molecule and assuming that these elements alone control its 

reactions. Both methods, for instance, ignore the a bond framework that holds the it bonds of polyenes 

together. Furthermore, most molecules involved in electrocyclic reactions (e.g., 1,3-pentadiene rather 

than 1,3-butadiene) are not actually symmetric around either a mirror plane or an axis of rotation. 

Correlation diagram analysis must assume that the effects of substituents may be disregarded when the 

“fundamental symmetry” of the system is discussed. This assumption is probably reasonable for the 

replacement of a hydrogen atom by an alkyl group, but it might not be equally reasonable if the sub¬ 

stituent were a nitro group or an amino group. Furthermore, there are many reactions (some to be dis¬ 

cussed in later chapters) that follow Woodward-Hoffmann selection rules but in which neither starting 

materials nor products have significant elements of symmetry, so that correlation diagrams cannot be 

constructed. For these reactions, the frontier orbital approach is still of value. 

Aromatic Rings and Aromatic Transition States 

You have probably noticed that in distinguishing between An + 2 and An electron systems the 

Woodward-Hoffmann rule for electrocyclic reactions follows the same form as Hiickel’s rule for 

aromatic and antiaromatic molecules. It is easy to see that the stabilities of aromatic rings can be 
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predicted by considering the frontier orbitals of open-chain polyenes. Bringing the ends of a poly¬ 

ene chain together results in an attractive interaction if the chain holds An + 2 tt electrons. This 

attraction results in the cyclic system’s being lower in energy than the open-chain analog. In con¬ 

trast, in chains of An tt electrons, the HOMO is antisymmetric, and the ends of the frontier orbital 

would repel each other if brought together. Thus, the ring of An electrons would be antiaromatic— 

that is, it would be even higher in energy than the open-chain polyene. 

Instead of using the Woodward-Hoffmann rules to account for the existence of aromatic and 

antiaromatic rings, we can turn the argument around and account for the Woodward-Hoffmann 

rules in terms of aromaticity and antiaromaticity.16 Disrotatory electrocyclic processes of An + 2 

electrons, in which the lobes of orbitals on the same sides of polyene chains attract each other, 

can be said to have aromatic Hiickel transition states. 

What about conrotatory processes? Suppose a chain of conjugated double bonds containing 

An electrons—a chain of eight double bonds, for instance—were given a single twist, so that one 

end of the chain was turned upside down. Now the ends of the HOMO would be in phase, so that 

the ends of the chain would attract each other if they were brought together. The energy of the 

system would be lowered compared to the open chain. If a hydrogen atom were removed from 

each end carbon and the carbons joined, a new aromatic ring system with a single twist would be 

formed. In mathematical topology, a ring with a single twist is called a Mobius strip.* 

A Mobius ring of p-orbitals 

A Mobius ring of p orbitals containing An electrons should theoretically be aromatic. However, no 

such compound has ever been prepared. The reduced overlap between the p orbitals caused by 

the twist in the chain, the steric strain caused by abnormal bond angles, and the possibility of elec¬ 

trocyclic reactions occurring along parts of the polyene chain make it unlikely that one will ever be 
prepared. 

The essential point about Mobius strips, from our point of view, is that if one were formed 

from a polyene chain, the top lobe on one end of the chain would interact with the bottom lobe on 

the other. Since this is what happens in a conrotatory reaction, we can describe conrotatory reac¬ 
tions as having Mobius transition states. 

Thus, one way to phrase the Woodward-Hoffmann rules for electrocyclic reactions is that the 

reactions are allowed if they proceed by aromatic transition states and are forbidden if they pro- 

*Mobius strips have fascinating characteristics. Because they have only one surface, a line drawn along the outside 
of the strip the line will continue on the inside. If the strip is cut lengthwise into two, a single ring twice as long as the orig¬ 
inal ring will be formed. 
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ceed by antiaromatic transition states. For systems of 4n + 2 electrons, Hiickel transition states 

are aromatic; for systems of4n electrons, Mobius transition states are aromatic.16 

Of course, in theory a chain of p orbitals might have more than one twist. A second twist 

would bring the original top lobes back on top again. In general, a ring with an even number of 

twists (that is, an even number of phase inversions of its orbitals) would be a Hiickel ring; a ring 

with an odd number of twists (phase inversions) would be a Mobius ring. We’re unlikely ever to 

prepare polyenes with more than one twist in the ring, but as we’ll see later, the concept of count¬ 

ing phase inversions can be useful in analyzing some types of pericyclic reactions. 

2.4 ELECTROCYCLIC REACTIONS WITH ODD NUMBERS OF ATOMS 

Theoretical Predictions 

The Woodward-Hoffmann rules can be applied to electrocyclic ring openings and closing of rings 

with odd numbers of atoms (which may be cations, anions, or radicals) as well as the even-num¬ 

bered systems we’ve just examined. 
To begin with, let’s look at the correlation diagram for a disrotatory ring closure of a three- 

atom chain of p orbitals. The resulting three-membered ring will have a new a bond, of course, as 

well as a nonbonded (n) orbital. 

Disrotatory ring closure of a three atom chain 

cr 

Whether this reaction is allowed depends on the number of electrons in the system. If the 

starting material is a cation, with only two electrons, the reaction is allowed, since the v|tj and cr 

orbitals have the same symmetry. However, if the chain is an anion, the diagram indicates that an 

excited state, with two electrons in a high-energy orbital, would be produced. The disrotatory 
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ring closure of the anion is therefore forbidden. If the starting material is a radical, with three 

electrons, the diagram again indicates that the product would be formed in an excited state. 

However, only one electron would be located in a high-energy orbital. Therefore, although the 

cyclization of the radical is forbidden, the energy barrier to the reaction should be lower than 

that for the anion. 
In contrast, a correlation diagram employing symmetries in relation to the twofold axis of 

rotation would show that a conrotatory process is allowed for the anion but forbidden for the cation. 

Of course, the same conclusions could be obtained by the frontier orbital approach, although 

the relative energy barriers to radical and anion cyclizations would not be as easily estimated. 

Since Hiickel’s rule applies only to even numbers of electrons, we cannot directly classify the 

electrocyclic reactions of free radicals as proceeding by aromatic or antiaromatic transition states. 

However, the aromatic transition-state approach can still be applied if it is assumed that free rad¬ 

icals will follow the same rules as anions. 

Reactions of Cations and Anions 

The simplest possible electrocyclic reactions would be the cyclization of an allyl cation to form a 

cyclopropyl cation or the ring opening of a cyclopropyl cation to form an allyl cation. Since these 

reactions would be two-electron processes, they should proceed by disrotatory paths. 

Cyclopropyl cations are very unstable, as a result of ring strain and the fact that the empty 

orbital of a cyclopropyl cation would have appreciable 5 orbital character. Therefore, there are no 

known examples of allylic cations cyclizing to form cyclopropyl cations. Indeed, there is little 

evidence that cyclopropyl cations are ever actually formed in any reaction. Instead, reactions that 

would be expected to yield cyclopropyl cations proceed with simultaneous ring opening to form 

allylic cations. 

Although cyclopropyl cations may not actually be formed as discrete intermediates, the ring 

openings of cyclopropyl derivatives to allylic cations do usually proceed in disrotatory fashion. 

The structures of cations 6a to 6c, formed by reaction of 5a to 5c with antimony pentafluoride at 

— 100°C, have been determined by NMR spectroscopy.17 As predicted, each ring opening proceeds 

in a disrotatory manner. (This is shown on page 39.) At higher temperatures, cation 6a isomerizes 

to 6b, which in turn, as the temperature is raised, isomerizes to the least-crowded cation, 6c. 

(Molecular orbital calculations show that of the two possible modes of disrotatory ring open¬ 

ings of cyclopropyl derivatives, the preferred path will be that in which the substituents trans to the 

leaving group rotate apart.1 This results in the bonding lobes of the cyclopropyl bond being posi¬ 

tioned trans to the leaving group, where they can participate in an “S^-like” displacement of the 

leaving group. A good deal of experimental evidence, including the reactions of 5a, 5b, and 5c, are 

in agreement with this analysis.18) 
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Preferred transition state for ring opening of a cyclopropyl halide 

In contrast to cyclopropyl cations, cyclopropyl anions do appear to have finite lifetimes.* 

However, they can open to form allylic anions. The different stereoisomers of allylic anions are 

easily interconverted, so that it is usually not possible to determine from the reaction products 

whether the ring openings proceeded by conrotatory or disrotatory paths. However, kinetic studies 

show that opening of the cyclopropyl ring in anion 7, which can proceed by an allowed conrotatory 

path, is about 104 times as fast as the ring openings of anions 8 and 9, which must proceed by for¬ 

bidden disrotatory paths. It has been estimated that the activation energy for a disrotatory ring 

opening is at least 5.9 kcal/mol greater than for a conrotatory ring opening.19 

*Many studies of cyclopropyl anions actually deal with their lithium “salts, which have only limited anionic char¬ 

acter. However, there does not appear to be any reason to believe that conclusions drawn from the lithium compounds will 

not apply to more ionic derivatives. 
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Several studies have examined electrocyclic reactions of pentadienyl cations and anions. 

Pentadienols 10a and 10b undergo stereospecific cyclizations in acid solutions to yield cations 

resulting from conrotatory ring closures,20 as would be expected of four-electron systems. 

In contrast to pentadienyl cations, the pentadienyl anion 11 cyclizes in disrotatory fashion to 
yield a cA-fused bicyclic anion.21 

Formation and Cyclization of Dipolar Molecules 

Aziridines (three-membered ring amines) are isoelectronic with cyclopropyl anions. The three- 

membered rings will open on heating to form dipolar molecules. (The dipoles are members of a 

class generically known as 1,3-dipoles, although their principal resonance forms normally have 
their charges on adjoining atoms, rather than on atoms 1 and 3.) 
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Studies by Rolf Huisgen at the University of Munich demonstrated that the 1,3-dipoles from 

ring-opening reactions of aziridines can undergo addition reactions with molecules such as 

dimethyl acetylenedicarboxylate. The structures of the products demonstrated that the ring open¬ 

ings had proceeded by allowed conrotatory paths.22 
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Cleavage of the carbon-carbon bonds of oxirane (three-membered ether) rings requires 

higher temperatures than the similar reactions of aziridines. Experimental studies indicate that 

disrotatory ring openings of oxiranes require activation energies about 6 kcal/mol higher than con- 

rotatory ring openings23 and in some cases, such as the reaction of oxirane 12, the ring openings 

proceed stereospecifically by conrotatory paths.24 
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However, in other reactions, mixtures of stereoisomers are obtained, possibly because the inter¬ 

mediate 1,3-dipoles cannot maintain their geometries, or because diradical processes compete 

with the concerted electrocyclic paths.23 

2.5 PHOTOCHEMICAL CYCLIZATIONS 

Photochemical Reactions 

Conjugated polyenes can undergo cyclization reactions on irradiation with ultraviolet light as well 

as on heating. 

Photochemical cyclizations can be valuable synthetic tools, particularly in the synthesis of 

four-membered rings. As we’ve seen, cyclobutenes usually cannot be prepared by thermal ring 

closing of butadienes, since the strained cyclobutene rings are usually less stable than the dienes. 

However, when conjugated dienes are irradiated with UV light at common wavelengths (above 

220 nm), much more of the light is absorbed by the polyenes than by the cyclobutenes. The rate at 

which a polyene is converted to a cyclobutene on photoirradiation is therefore usually greater than 

the rate at which the cyclobutene ring reopens—at least until most of the polyene has reacted. 

Useful yields of cyclobutenes may thus be formed by photochemical cyclizations of butadienes, 

particularly when the two double bonds are fixed cis to each other, as in diene 13.25* If, however, 

cyclobutenes are irradiated by light in the far UV region (below 200 nm), where unconjugated 

double bonds absorb light, they can be largely reconverted to butadienes.^ 

♦Molecules with double bonds in a cis relationship around the single (s) bonds connecting the double bonds are said 

to be in s-cis forms. Most open-chain dienes exist primarily in s-trans conformations. 

s-cis s-trans 

^Ultraviolet light is very energetic. Absorption of a “mole” of photons of light at 273 nm, for example, will raise the 

energy of the absorbing compound by 105 kcal/mol. Thus, very high-energy products can be obtained from photochemi¬ 

cal reactions. Irradiation of 1,3-butadiene, for instance, can result in the formation of bicyclobutane as well as cyclobutene, 

and irradiation of benzene gives traces of not only Dewar-benzene but also the even higher-energy products prismane and 
benzvalene 

hv 

bicyclobutane 

prismane benzvalene 
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In order to apply the Woodward-Hoffmann rules to photochemical cyclizations we have to 

identify the HOMOs involved in the reaction. When a molecule absorbs light, an electron is nor¬ 

mally raised from the highest occupied orbital to the next-highest energy orbital. A molecule that 

has undergone this process is said to be in an excited state, in contrast to the unexcited molecule, 

which is in the ground state. The molecule will only absorb light whose wavelength corresponds 

to the energy necessary to raise the molecule from the ground state to the excited state. 

The process of raising an electron to a higher-energy orbital does not change the spin of the 

electron, so that the excited state, like the ground state, is a singlet, with all electron spins paired. 

However, once an electron is removed from a doubly occupied orbital, where it is constrained to 

have a spin paired to that of the other electron in the orbital, it is theoretically free to change its spin 

to be parallel to that of the other unpaired electron. If it did, the molecule would be in a triplet 

state. For most polyenes (in the absence of heavy atoms) intersystem crossing—the conversion of 

singlet states to triplets, or vice versa—is usually slower than other reactions of their excited 

states. Therefore, most photochemical cyclization reactions appear to take place from singlet 
states. 

Since photochemical excitation of a molecule normally raises an electron from the HOMO to 

the LUMO, the LUMO of the ground state becomes the HOMO of the excited state of the molecule. 

Since each molecular orbital of a polyene is opposite in symmetry to the orbital below it, the HOMO 

of the excited state of a polyene must be opposite in symmetry to the HOMO of the ground state. 

Thus, the frontier orbital approach leads to a very simple rule for photochemical electrocyclic reac¬ 

tions: the stereochemistry of photochemical cyclizations should be opposite to that of thermal 

cyclizations. Photochemical cyclizations of systems of An electrons should be disrotatory, and pho¬ 

tochemical cyclizations of systems of An + 2 reacting electrons should be conrotatory. 

The correlation diagram approach leads to the same conclusion as the frontier orbital 

approach. Photochemical conversion of butadiene to cyclobutene by a conrotatory process would 

require raising an electron to the very high-energy cr* orbital of cyclobutene (or at least to a high- 

energy transition state). The molecule formed, according to the diagram, would not be in the low- 

est-energy excited state, but would be in an even-higher energy state. In contrast, the disrotatory 

reaction would yield the lowest-energy excited state of cyclobutene. 

conrotatory disrotatory 

cyclobutene cyclobutene 

Photochemical interconversion of 1,3-butadiene and cyclobutene 
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Stereochemistry of Photochemical Electrocyclic Reactions 

Photochemical electrocyclic reactions usually proceed according to the predictions of the 

Woodward-Hoffmann rules. 
Precalciferol (an isomer of calciferol, vitamin D2), for instance, undergoes an electrocyclic 

ring closure on UV irradiation to form the predicted product of conrotatory cyclization.26 In con¬ 

trast, on heating, precalciferol yields only products of disrotatory ring closure. 

A 

A similar distinction between photochemical and thermal reactions is shown by all cis- 

cyclodecapentaene.* On photoirradiation, all cA-cyclodecapentaene (13) yields trans-9,10-dihy- 

dronaphthalene, resulting from a conrotatory ring closure, while on heating the c/s-isomer is 

obtained.27 

*A11 ds-cyclodecapentaene, despite having 10 it electrons in a closed, conjugated ring, does not have aromatic 

properties, since the ring is twisted into a tub-like structure in order to maintain normal bond angles. The double bonds in 

the ring can hardly all be considered to be conjugated, since several tt bonds in the molecule are essentially at right angles 

(orthogonal) to others. 

nonplanar structure of 
all m-cyclodecapentaene 
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A remarkable type of photocyclization takes place when cA-stilbenes are photoirradiated 

in the presence of air. Under those conditions, phenanthrene derivatives are formed in high yields. 

It was long assumed that the initial photochemical step is cyclization of the stilbene to form a 

dihydrophenanthrene, which is then oxidized to a phenanthrene, as shown in Eq. 25. (The huge 

amount of energy that can be imparted on photoirradiation is dramatically illustrated by this reac¬ 

tion, since the first step simultaneously converts two aromatic rings to nonaromatic rings.) 

Conversion of cA-stilbenes to dihydrophenanthrenes may be considered to be 6tt, IOtt, or 

14tt electron cyclizations. No matter how the electrons are counted, this should result in conro- 

tatory ring closure to form trans-dihydrophenanthrenes. However, it was not easy to test this 

prediction, since the dihydrophenanthrene intermediates, if not rapidly oxidized to phenan- 

threnes, were quickly reconverted to stilbenes. The problem of determining the geometries of 

the intermediates was solved in an ingenious manner by irradiation of diethylstilbestrol (14). 

The intermediate dienol formed from this reaction tautomerized to the diketone form, which 

was stable, so that its geometry could be determined. The predicted trans isomer was indeed 

formed.28 

HO OH 

(26) 

Nonstereospecific Ring Openings 

1,3-butadienes cyclize on photoirradiation with UV light with wavelengths above 220 nm, to form 

the predicted disrotatory ring closure products (Eqs. 27 and 28).29 
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H H 

However, despite the predictions of the Woodward-Hoffmann rules, irradiation of cyclobutene 

derivatives by far UV light (wavelengths below 200 nm) gave rise to mixtures of stereoisomeric 

products. The products of the “forbidden” conrotatory ring openings were actually the major iso¬ 

mers, as in Eqs. 29 and 30. Slightly different ratios of stereoisomers were obtained at different 

wavelengths.30 

^^CH3 

i^CH, »» 

10% 

_ >CH3 

-H 185 44% 41% 16% (30) 
_L^H 

ch3 

There are several possible reasons why photochemical ring openings might not follow pre¬ 

dictions from orbital symmetry conversion rules. It is conceivable, for instance, that the rings do 

not open while the molecules are in excited states. Instead, the excited valence electrons may drop 

back into the normal HOMO, with the energy going into stimulating vibrations and rotations of 

atoms within the molecule. Thus, instead of an electronically excited state, the rings (cyclobutenes, 

in the case under discussion) would be converted to high-energy ground states. The “hot” mole¬ 

cules would then undergo thermally allowed conrotatory ring openings. Alternatively, it has been 

suggested that the ring openings do occur by symmetry-allowed processes but that the resulting 

dienes are formed in excited states, which can undergo cis-trans isomerizations.31 

Finally, calculations indicate that the energies of the various orbitals of cyclobutene do not 

remain in the same relationship to each other as the ring opens to form butadiene. Instead, a for¬ 

merly higher-energy orbital is calculated to become lower in energy than the original LUMO.17 As 

two orbitals cross in energy, electrons may transfer from an asymmetric orbital to a symmetric 

orbital, or vice versa. 

CH„ 

^ch3 

^"H 
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It thus appears that the Woodward-Hoffmann rules form useful guides about what can be 

expected of the geometry of photochemical electrocyclic reactions. However, the possible complexi¬ 

ties in photochemical reactions are such that exceptions to the Woodward-Hoffmann rules may occur. 
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PROBLEMS 

1. Explain why each of the following reactions is, or is not, allowed to occur as a concerted process if the 

starting material is heated and if the starting material is subjected to photoirradiation. 

2. Explain why the equilibrium point in the following reaction is different if the starting material is heated 

or if the starting material is subjected to photoirradiation. Predict the major component of the reaction 

mixture in each case. 

3. Draw correlation diagrams for both conrotatory and disrotatory paths for reactions (a) and (b). Label the 

HOMOs and LUMOs of the starting materials. Predict the geometry of the product of each reaction. 

(a) 

H3C^h h^CH3 
CH-, 
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4. Write reasonable mechanisms for the following reactions, and indicate the expected geometries of the 

products. 

(a) H. 
;c=h; 

"H 
-ch3 

''H 

,CH, 

'H 

xxx 
CH, 

(S.W. Staley and T.J. Henry, J. Am. Chem. Soc., 93, 1294 [1971].) 

CH, 

K® ®0—t—Bu 

CH, 

+ 

X 
CH, 

D 

(R.B. Woodward and R. Hoffman, The Conservation of Orbital Symmetry. Academic Press, New York 

[1971].) 

H 

100°C 
a cyclooctenol 

(G.H. Whitham and M. Wright, Chem. Comm., 294 [1967].) 
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5. Write reasonable mechanisms for the following reactions, employing only electrocyclic steps in each 

mechanism. 

(K.R. Motion, I.R. Robertson, J.T. Sharp, and M.D. Walkinshaw, Perkin Trans. 1, 1709 [1992].) 

(W. Grime, J. Lex, and T. Schmidt, Angew. Chem. Int. Ed. Engl., 26, 1268 [1987].) 

(c) CH, CH, 

W2 hv w 
C—C=C—CH, —* C—C=C—C.Hq 
/ 3 / 49 

c4h9 h3c 

(M. Zhan, J.D. Rica, M.M. Kirchoff, K.M. Phillips, L.M. Cuff, and R.P. Johnson, J. Am. Chem. Soc., 

115, 1216 [1993].) 



Chapter 3 

Cycloaddition and 

Cycloreversion Reactions 

3.1 INTRODUCTION 

Cycloadditions are reactions in which at least two new bonds are formed simultaneously so as to 

convert two or more open-chain molecules or portions of molecules into rings. The reverse of 

cycloadditions are retrocycloadditions, or cycloreversions. Cycloadditions and cycloreversions 

proceeding via transition states in which the electrons involved in the reactions form continuous 

rings are part of the general class of pericyclic reactions. 

Cycloadditions and cycloreversions can be classified according to the number of electrons in 

each reacting molecule which change locations during the reactions. This classification scheme is 

illustrated by schematic reactions a through d below, in which not only the number but the types of 

electrons are identified in each case. 

[•n-2 + tt2 + tt2] [0-2 + 0-2 + ct2] [w2 + ^2] [a2 +a2] [„2 + n2] 

A, j-Ox 
(c) 

[■A + ir2] [a2 + u2 + 

(d) 

[*6 + w2] [ff2 + w4 + ff2] 

In a more general sense, we can regard all reactions with transition states involving closed 

cyclic arrays of electrons as cycloaddition and cycloreversion reactions, even if new rings are not 

formed during the reactions. Thus, the following reactions (e and f) may be considered to be 

cycloaddition or cycloreversion processes. 
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This expanded view of cycloaddition reactions is very broad. In it all pericyclic reactions can 

be defined as concerted cycloaddition or cycloreversion reactions, as shown here for the electro- 

cyclic reactions g and h. 

L2 + v2] [a2 + w2] 

(h) 

L2 + w2 + w2] 1<t2 + n2 + n2\ 

Although it is often conceptually useful to regard all pericyclic reactions as cycloadditions, 

the term “cycloaddition” is usually used in the more restricted sense, to refer only to ring-forming 

reactions between separate molecules or between isolated tt units in a single molecule. 

3.2 SUPRAFACIAL AND ANTARAFACIAL ADDITION 

There are two possible ways to form bonds to the two atoms of a tt bond, or to the two terminal 

atoms of a set of conjugated tt bonds. The two new bonds may be formed either from lobes on the 

same side of the tt bond system or from lobes on opposite sides. Woodward and Hoffmann desig¬ 

nated addition to lobes on the same side of a tt system as suprafacial addition and called addition 

to lobes on opposite sides of a tt system antarafacial addition.1 

Suprafacial sites 

These modes of addition are identified by the symbols s and a, respectively. Thus, cycloaddition of 

two tt bonds, each reacting suprafacially, would be classified as a [ir2s + 2 ] reaction. (The s and 

a symbols are written as subscripts, so reactions involving suprafacial reactions of two electrons 

should not be confused with electrons in a 2s orbital.) Cycloaddition of a four-electron “unit” react¬ 

ing antarafacially with a two-electron unit reacting suprafacially would be classified as a [4a + 2J 

reaction. If the four-electron unit were reacting suprafacially and the two-electron unit antarafa¬ 

cially, the reaction would be classified as a [4S + 2J reaction. (A “unit” may be a pair of unshared 

electrons, as well as a bond or a set of conjugated tt bonds.) 
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[tt2s + W2S] 14+21 LTr^a 1 TT-^aJ Ms + T,2a] 

When ct bonds take part in cycloaddition reactions, the two “inside” lobes of the bonding 

orbitals (those forming the bond) are considered to be on the same side of the bond. Similarly, the 

two “outside” lobes are both on the same side of the bond. The latter statement may seem surpris¬ 

ing, but picture the rotation of the atomic orbitals forming a cr bond, with the orbitals end to end, 

into a tt bond arrangement, with the orbitals side by side. It can easily be seen that the two inside 

lobes of the a bond end up on the same side of the tt arrangement, as do the two outside lobes. 

3.3 SELECTION RULES FOR CYCLOADDITION 
AND CYCLOREVERSION REACTIONS 

Woodward-Hoffmann Rules 

Woodward-Hoffmann selection rules governing the stereochemistry of cycloaddition and cyclore¬ 

version reactions are easy to state, although perhaps sometimes difficult to visualize in action: 

Thermal cycloadditions or cycloreversions involving 4n + 2 electrons are allowed if they proceed 

with an even number (including zero) of antarafacial interactions of reacting units; those involving 

4n electrons are allowed if they proceed with an odd number of antarafacial interactions. 

According to this rule, both [4s + 2J and [4a + 2J reactions are allowed, since both types of 

reactions would involve six electrons and an even number (zero and two, respectively) of antarafa¬ 

cial interactions. Thermal reactions of order [2C + 21 or [4 + 2 1 are forbidden, but [2, + 21 or 

[4a + 4J reactions are allowed. 

It is worth stressing that these rules simply state which types of reactions are allowed or for¬ 

bidden by orbital symmetry considerations. They do not imply that all allowed reactions actually 

take place. As we shall see, reactions involving antarafacial interactions of bonds, in particular, are 

often sterically difficult and therefore are rare. 

Derivations of the Rules 

Like the rules for electrocyclic reactions, the Woodward-Hoffmann rules for cycloaddition reac¬ 

tions can be derived from frontier orbital, orbital correlation diagram, or “aromatic transition state” 

approaches. 
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In analyzing frontier orbital effects on cycloaddition reactions, we have to consider the inter 

actions of molecular orbitals from two (or more) molecules rather than interactions of two ends of 

a single orbital. Like the interactions of any two filled orbitals, the interaction of the two HOMOs 

would result in net repulsion rather than the formation of new bonds. However, following standard 

chemical principles, a filled orbital may react with an empty one; that is, the HOMO of one reacting 

unit may interact with the LUMO of another to form bonds. (As we shall see, if only the symmetries 

of the orbitals are being considered, it does not matter which HOMO and which LUMO are chosen.) 

To begin, consider thermal cycloadditions in which both reacting units are interacting 

suprafacially. For a [7T2s + ^2S] cycloaddition of two ethene molecules, the HOMO of one will be 

tr and the LUMO of The8 other will be tt*. (For a [ff2s + a2s] cycloreversion, the orbitals would be 

ct and ct*, respectively.) Since the HOMO is symmetric and the LUMO is antisymmetric, the two 

orbitals cannot combine to form two new bonds. The reaction is forbidden. 

tt* (LUMO) 

tt (HOMO) 

[ir2S + TT2 S] 

CT* (LUMO) 

CT (HOMO) 

(A) 

[<t2s + a2s] 

Frontier orbital interactions in thermal [2S + 2S] reactions 

Similarly, interaction of two butadiene molecules in a [it4s + 7T4J manner is forbidden, since each 

HOMO (4>2) is antisymmetric and each LUMO (t|t3) is symmetric. 

In contrast, the suprafacial reaction of butadiene with ethene (a [4s + 2J reaction) is 

allowed, since the HOMOs and LUMOs (t|t2 and tt*, or tt and vjt3) have the same symmetries. The 

conclusion is the same regardless of which molecule is considered to be the electron donor and 

which the acceptor. 

^2 (HOMO) 

rr* (LUMO) 

interaction of 
orbital of butadiene 

and tt* orbital of ethene 

(LUMO) 

tt (HOMO) 

(S) 

(S) 

interaction of 
■'F3 orbital of butadiene 
and tt orbital of ethene 

Frontier orbital interactions in thermal [4S + 2S] reactions 

Two orbitals of opposite symmetry would interact properly if one component reacted in an 

antarafacial manner, in which the upper lobe at one end of the orbital and the lower lobe at the 
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other end interact with the second orbital. Therefore, a [it2s + ^2a\ reaction would be allowed. In 

contrast, [4s + 2J and [4a + 2J reactions would be forbidden, since in these cases the molecular 
orbitals would have the wrong symmetries. 

Allowed antarafacial 

interaction of a tt* orbital 

with a tt orbital (it* shown 

in top view) 

Forbidden antarafacial 

interaction of a tt* orbital 

with ^ of butadiene (tt* 

shown in top view) 

The Woodward-Hoffmann rules also apply to cycloadditions of systems with odd numbers 

of atomic orbitals. Suprafacial addition of an allyl anion to ethene would be allowed, since the 

tt* and 4^2 orbitals (as well as the tt and vjt3 orbitals) have the same symmetries. Purely in terms of 

orbital symmetry, it doesn’t matter whether the HOMO of the anion and the LUMO of the tt bond 

are chosen, or vice versa. However, in this case we will show the allyl anion acting as the electron 

donor and the tt bond as the electron acceptor, since vji2 of the anion should be higher in energy 

than tt, and tt* should be lower in energy than i)>3. (This is simply another way of stating the fairly 

obvious fact that carbanions tend to be much better electron donors—but much poorer electron 

acceptors—than neutral alkenes.) 

Unlike the allyl anion, the allyl cation is forbidden from reacting suprafacially with a tt 

bond (or a cr bond for that matter), since the HOMO of one component would have opposite sym¬ 

metry from the LUMO of the other. 

(HOMO) 
of an allyl anion 

tt* (LUMO) 
of ethene 

T; (HOMO) 
of an allyl cation 

tt* (LUMO) 
of ethene 

Allowed suprafacial interaction Forbidden suprafacial interaction 

of an allyl anion with a tt bond of an allyl cation with a tt bond 

Of course, the conclusion that suprafacial reactions of alkenes with allyl anions is allowed and 

with allyl cations is forbidden refers only to pericyclic reactions, in which both ends of the react¬ 

ing molecules interact. The Woodward-Hoffmann rules do not apply if reaction takes place at only 

one end of each orbital. It is well known that carbocations react much more readily with alkenes in 

such reactions than do carbanions. 
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The Woodward-Hoffmann rules also follow directly from the “aromatic transition state” 

approach. The presence of any antarafacial interaction in a cyclic array of electrons is the equiva¬ 

lent of a “twist” in the array. Thus, a transition state with an odd number of antarafacial interactions 

can be considered to be a Mobius transition state and will be aromatic if the reaction involves 4n 

electrons. Cycloadditions requiring an even number (usually zero) of antarafacial interactions will 

proceed through aromatic transition states if An + 2 electrons are involved. 
The Woodward-Hoffmann rules for cycloadditions; like those for electrocyclic reactions, 

can also be obtained from the consideration of orbital correlation diagrams. However, we will not 

discuss the application of orbital correlation diagrams to cycloaddition reactions/ 

3.4 EXAMPLES OF THERMAL CYCLOADDITION REACTIONS 

[2 + 2] Reactions 

Diradical reactions. In principle, the mechanism of a cycloaddition reaction should be 

easily established from its stereochemistry, since a suprafacial reaction of a tt bond would result in 

retention of geometry about that bond, while an antarafacial reaction of a tt bond would result in 

inversion of geometry about that bond, as is shown in Eq. 1 for a [^.2s + 7T2J reaction. 

One difficulty in investigating cycloadditions of alkenes to form cyclobutanes is that they are 

rather difficult reactions that rarely proceed in high yields.3 (This fact by itself is perhaps good evi¬ 

dence that the geometrically reasonable [2s + 2J cycloaddition reaction is forbidden.) Orbital 

overlap in the transition state for a theoretically allowed [2a + 2J reaction would be extremely 

poor, and the reaction would initially give rise to a badly twisted cyclobutane, as shown in Eq. 1. 

Therefore, [2a + 2s] reactions are also rare, if they exist at all. 

While [2 + 2] cycloaddition reactions of hydrocarbons to form cyclobutanes are relatively 

rare, cycloreversions of cyclobutanes into alkenes at high temperatures are common reactions that 

have been extensively investigated.4 Their enthalpies and entropies of activation have been found to 

coincide with those expected if one carbon-carbon bond initially breaks to form a diradical (as in 

Eq. 2) rather than with those expected from concerted cleavage of both bonds.* 

* Geometrical isomers of disubstituted cyclobutanes undergo interconversion under the conditions for pyrolysis, as 

would be expected if tetramethylene diradicals that can reform cyclobutanes are formed as intermediates in the pyrolysis 

reactions. Tetramethylene diradicals, which can be detected by femtosecond spectroscopy,5 can also be formed from other 

reactions. Their relative rates of cleavage to alkenes and recyclization to cyclobutanes have been found to be the same as 

those of the intermediates in cyclobutane pyrolysis. 
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ch3ch—ch2—ch2—chch3 2 CH3CH=CH2 (2) 

There are a few types of alkenes that will easily add to other alkenes to form cyclobutane 

derivatives. One type consists of molecules with extremely strained or twisted, and therefore 

highly reactive, double bonds. An extreme example of such a molecule is benzyne (2). The addi¬ 

tion of benzyne to either cis- or fram-cyclooctene was found to give a mixture of stereoisomers, 

although the product resulting from retention of the geometry of the cyclooctene was the principal 

product from each reaction (Eq. 3a).6 

2 

H 

V 

H 

+ 

principal product principal product 
from ds-cyclooctene from trans-cyclooctene 

II . 
2 

(3a) 

Although mixtures of stereoisomers might conceivably have resulted from simultaneous antarafa- 

cial additions and (principally) suprafacial additions, the occurrence of a diradical mechanism 

(Eq. 3b), in which ring closure of the diradical occurred even more rapidly than rotation around a 

single bond for the majority of reacting molecules, seemed more likely.6 Similarly, the dimeriza¬ 

tion of the strained cyclooctadiene 3 yields mixtures of stereoisomers (Eq. 4), suggesting that the 

reaction proceeds via diradical intermediates.7 
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Although they are not strained or twisted molecules, tetrafluoroethenes and other polyfluo- 

roalkenes with at least two fluorine atoms on one vinyl carbon can react with other alkenes to 

form four-membered rings. 
Careful studies by Paul D. Bartlett and his group at Harvard University showed that cycload¬ 

dition reactions of polyfluoroalkenes yield mixtures of stereoisomers, as in Eq. 5.8 

f2c -chch3 
CH, 

H / 3 
C12C- •CH—C = c 

\ 
H 

1 
CH, CH, 

F" 
Cl- 

"-H CH3 
H / + F 

^*C=C Cl^ 

C1 H H Cl 

H 

\ /H 
c=c 
/ \ 

H CTE 

(5) 
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The fact that exactly the same 50-50 mixture of stereoisomers was obtained from reaction of tetra- 

fluoroethene with cis- or trans-1,2-dideuteroethene (Eq. 6) provided strong evidence that these reac¬ 

tions proceeded via diradical intermediates rather than by simultaneous suprafacial and antarafacial 

additions. It would be a most unlikely coincidence for the antarafacial and suprafacial additions to 

proceed at precisely the same rates. In contrast, rotation around a single bond in a diradical interme¬ 

diate, thereby giving a 1:1 mixture of stereoisomers, should be extremely rapid in this reaction. 

F 

F 

F D 

V_/ 
"H 
iH 

D 

+ 

(6) 

50% 50% 

Cycloaddition reactions occurring by diradical mechanisms are rare because for most 

alkenes formation of the intermediate diradicals would be endothermic by about 40 kcal/mol (the 

difference in energy between the two it bonds broken and the one cr bond formed). Therefore, at 

least one of the two reacting double bonds must be very weak, to reduce the endothermicity of 

diradical formation. The tt bonds in polyfluoroalkenes have been calculated to be about 17 

kcal/mol weaker than other unstrained double bonds.9 This is apparently the result, in part, of 

strong repulsions between the unshared electrons on the fluorine atoms and between the fluorines 

and the electrons of the tt bonds. In addition, the bond energies are lowered by resonance stabi¬ 

lization of the radical fragments formed when the tt bonds of the polyfluoroalkenes are broken. 

Cycloadditions with ketenes. Ketenes—molecules in which double bonds and car¬ 

bonyl functions are located on the same carbon atoms—add to double bonds to yield cyclobu- 

tanones.10 Intramolecular additions of ketenes to alkenes have resulted in the formation of some 

interesting molecules, such as ketone 4 (Eq. 7).11 

O 

(7) 

4 

Cycloaddition reactions of ketenes with alkenes are usually stereospecific, with the geome¬ 

tries of the alkenes retained in the products, as in Eqs. 8 and 9.10’12 Woodward and Hoffman therefore 

suggested that the reactions might proceed by concerted [1T2a + ^2S] mechanisms, which could be 

facilitated by attractions between the carbonyl groups of the ketenes and the tr bonds of the alkenes.2 
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(C6H5)2C=C=0 + 

H,C CH, 
3 \ / 3 

C=c 
/ \ 

H H 

O CH. 

c6h5- 

H 
.CH, 

c6h5 H 

(8) 

(C6H5)2C=C=0 + 

H,C H 
3 \ / 

c=c 
/ A 

H CH. 

O CH. 

C6H5' 

/ 

c6h5 

"H 

CH. 

(9) 

Unfortunately, the usual experimental test for an antarafacial addition—inversion of the 

geometry of one component in the reaction—cannot conclusively establish the stereochemistry of 

cycloaddition reactions of ketenes, since carbonyl groups are neither cis nor trans to substituents 

on adjacent atoms. However, recent theoretical calculations indicate that these reactions do not 

proceed by [ir2a + mechanisms. The reactions can best be described as proceeding via tran¬ 

sition states closely resembling diradicals, with the bonds between the carbonyl carbons and the 

alkenes almost fully formed while the bonds to the a carbons of the ketenes have barely begun to 

form. However, the transition states do exhibit significant interactions between the carbonyl car¬ 

bons and both doubly bonded carbons of the alkenes, which results in the cyclobutanones retain¬ 

ing the configurations of the starting alkenes.13 

The products from additions of ketenes to double bonds normally have the structures that 

would result from formation of the most stable intermediate diradicals, as illustrated in Eq. 10. 

(Other [2 + 2] cycloadditions, such as the reaction shown in Eq. 5, similarly proceed by way of the 

most stable intermediate diradicals.) 

Polar mechanisms. Alkenes substituted with powerful electron-withdrawing groups 

can react with electron-rich alkenes to form cyclobutanes (e.g., Eqs. 11a and lib).14’15 

(Ha) 
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CN 

NC CN H H 
\ / 

+ c=c 
/ \ 

NC CN CH3 OC2H5 

(lib) 

Several facts suggest that these reactions are not concerted cycloadditions, but proceed via for¬ 

mation of zwitterionic intermediates. For one thing, the rates of these reactions increase markedly 

with increasing solvent polarity. Furthermore, the reactions are not completely stereospecific, 

although the principal reaction products frequently retain the configurations of the starting alkenes. 

The extent to which mixtures of stereoisomers are formed increases with increasing polarity of 

the solvents. Finally, when the reactions are carried out in hydroxylic solvents, open-chain prod¬ 

ucts are frequently formed in addition to the cyclobutanes. These observations strongly suggest the 

formation of dipolar intermediates (as in Eq. 12), which may react with the solvents rather than 

close to form cyclobutanes.16 

XX ch3ch=ch^oc2h5 

NC CN 

CN H 
I© I © 

NC—C C = OC2H5 

NC—C CHCH, 
I 

CN 

c2h5oh 

(12) 

CFL 
H 

(NC)2CH— C(CN) — CH— C(OC2H5)2 

[4 + 2] Cycloadditions 

The Diels-Alder reaction. In marked contrast to the general failure of alkenes to 

undergo thermal [ 2S + 2S] cycloadditions, thermal [jr4s + Tr2J cycloaddition reactions occur 

readily. They proceed smoothly not only as reactions of carbon-carbon double bonds and triple 

bonds, but also as reactions of carbonyl and imine groups, and even when neither end of a double 

bond is a carbon atom, as shown on page 63. These reactions, known generally as Diels-Alder 

reactions,* are among the most useful reactions in synthetic organic chemistry.17 

Even some aromatic rings, such as anthracene and furan (but not usually benzene or naph¬ 

thalene)18 can readily undergo Diels-Alder reactions. However, cycloreversion processes (retro- 

Diels-Alder reactions) are particularly likely to occur at reasonable temperatures when the dienes 

form parts of aromatic rings, as in Eqs. 13 and 14. 

*Kurt Alder (1902-1958) and Otto Paul Herman Diels (1876-1954) of the University of Kiel, Germany, were 

awarded the Nobel Prize in 1950 for their development of the Diels-Alder reaction. 
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Thousands of Diels-Alder reactions have been studied.15 In almost every instance the reac¬ 

tions have been found to be completely stereospecific, resulting in retention of the geometries of 

the conjugated diene and of the two-electron component, which is called the dienophile. 

An interesting example of the distinction between 2 + 2 cycloadditions, which typically do 

not proceed by concerted mechanisms, and 4 + 2 cycloadditions, which do, is found in the reactions 

of butadienes with polyfluoroalkenes. These reactions can yield six-membered rings (Diels-Alder 

products) as well as the predominant four-membered rings (Eq. 15). The Diels-Alder reactions pro¬ 

ceed nearly stereospecifically,* in contrast to the nonstereospecific formation of cyclobutanes. 

83% 17% 

The Alder “Endo Rule." Many Diels-Alder reactions in which the diene is contained in 

a ring can yield two stereoisomeric products (see Eq. 16). In one of the products (the endo isomer), 

carbonyl groups or other unsaturated substituents on the dienophile are cis to the double bond of 

* Approximately 1 percent of the cyclohexenes formed from the reaction shown in Eq. 15 had the methyl groups in 

a rran.v-relationship, suggesting that they were formed by diradical mechanisms. 
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C02Et 

Some Diels-Alder reactions 

the newly formed cyclohexene ring. In the other product (the exo isomer), the unsaturated sub¬ 

stituents on the dienophile are trans to the double bond. 

Endo and exo isomers can also be formed in Diels-Alder reactions of acyclic dienes, as is 

shown in Eq. 17. 

In the endo isomer, the two substituents that were trans to the bond linking the two double bonds 

of the diene (the “outside” substituents) end up cis to the major substituents on the dienophile. In 

the exo isomer, the former “outside” substituents of the diene are trans to the major substituents on 
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the dienophile. (To confirm that these should indeed be the results of exo and endo additions imag¬ 

ine that the two “inside” substituents on the diene are fused together, as in Eq. 18, so that the diene 

is part of an imaginary ring. After drawing the exo and endo Diels-Alder products from the “ring” 

structures, mentally separate the “fused” groups to see the structures of the products.) 

O 
II 
C\ 

^ch3 

In the 1930s Alder and Stein formulated the “endo rule,” which, in effect, states that endo 

products from Diels-Alder reactions are usually obtained in higher yields than exo products.19 

The endo rule may at first sight seem surprising, since endo isomers tend, for steric reasons, to be 

thermodynamically less stable than exo isomers. This can be demonstrated by the fact that endo 

isomers are frequently converted to exo isomers on heating, as in Eqs. 19 and 20. 

(Thermal endo-exo isomerizations of products of Diels-Alder reactions usually appear to start by 

retro-Diels-Alder reactions.20 21 As the regenerated dienes and dienophiles continue to undergo 

Diels-Alder condensations, the proportions of the more stable exo isomers increase.) 

Woodward and Hoffmann pointed out that the endo rule may be rationalized by frontier 

orbital theory.22 Consider the transition state for formation of the endo product from the Diels- 

Alder reaction of a conjugated diene with a conjugated dienophile. Let us assume that the HOMO 

(^2) of the diene interacts with the LUMO (i|>3) of the dienophile. The atomic orbitals at the end 
atoms of the diene (atoms 1 and 4) will be in phase with the orbitals of one double bond (atoms 1 

and 2) of the dienophile, so that new bonds may form. In addition, the atomic orbitals at atoms 3 

and 4 of the dienophile are in phase with those of atoms 2 and 3 of the diene. Thus, there is a sec- 
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ondary orbital interaction, which lowers the energy of the transition state for endo cycloaddition 

compared to the transition state for exo addition, in which the secondary orbitals—those not form¬ 

ing new bonds—are far apart. (Similar secondary orbital effects would exist if the HOMO of the 

dienophile and the LUMO of the diene were considered to interact.) 

secondary 
interactions 

HOMO-LUMO interactions in a transition state for formation 
of an endo Diels-Alder adduct 

Once the transition state is passed and the endo adduct is formed, the changes in bond angles 

that take place on conversion of it bonds to a bonds reduce the strengths of the secondary orbital 

interactions (which would then be repulsive in any case). Thus, secondary orbital interactions may 

affect the rates of Diels-Alder reactions but do not increase the thermodynamic stabilities of endo 

adducts in comparison to exo adducts. 

Reactivity in Diels-Alder reactions. The rates of Diels-Alder reactions can be 

affected by both steric and electronic effects. A diene must have its double bonds on the same side 

of the central single bond—that is, it must be in an s-cis conformation—in order to take part in 

a Diels-Alder reaction. Dienes in which one or both substituents at Cl and C4 are cis to the other 

double bond react very slowly or do not undergo Diels-Alder reactions at all, since formation of 

the s-cis conformations are even more difficult than in the absence of such substituents. In con¬ 

trast, the presence of a substituent at C2 of a diene usually increases its reactivity in Diels-Alder 

reactions, since the energy difference in favor of the s-trans conformation is reduced by such 

substitutents. 

CH 

CH, 

s-trans 
(low-energy 

conformation) 

CH, 

CH, 
CH, 

s-cis s-trans and s-cis 
(high-energy conformations similar in energy 

conformation) 

CH, 

CH3\^ 

CH 

The most reactive dienes are those in which the diene unit is forced to maintain an s-cis con¬ 

formation, such as those in which both double bonds are contained in a ring structure. 

Cyclopentadiene, for instance, will undergo Diels-Alder dimerization simply on prolonged stand¬ 

ing at room temperature. 
In general, however, Diels-Alder reactions between two hydrocarbon molecules are slow 

and proceed in poor yields. The reaction of butadiene with ethene, for instance, requires heating at 

200°C for 17 hours at 90 atmospheres’ pressure to yield “up to” 18 percent of vinylcyclohexene.23 
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Similarly, butadiene can undergo a Diels-Alder dimerization reaction at high temperatures, but 

the reaction is slow and the yields are poor even if free radical inhibitors are present to minimize 

the rate of free radical polymerization of the diene.17 

Usually, in order for Diels-Alder reactions to take place in high yields and at reasonable 

rates, the dienophile must be substituted with powerful electron-withdrawing groups, such as car¬ 

bonyl or carboxyl groups. This fact may be accounted for by the general principle that intermole- 

cular reactions occur most readily when one reacting unit is a good electron donor and the other a 

good electron acceptor. 

Frontier molecular orbital theory provides another way of looking at that principle. The 

interaction of any two orbitals will result in formation of two new orbitals in the transition state— 

one lower in energy than either of the original orbitals and one higher in energy. The extent of the 

energy differences between the original orbitals and the new orbitals will depend on the relative 

energies of the two original orbitals. If the LUMO of one molecule is very much higher in energy 

than the HOMO of the other, the newly formed HOMO will not be much lower in energy than the 

original HOMO. If the energies of the original orbitals are closer in energy, the differences in 

energy between the original orbitals and the transition state orbitals increase. The reaction should 

therefore be faster, since the electrons in the original HOMO will go into transition state orbitals 

that are significantly lower in energy. 

Placing electron-donating groups on one component in a Diels-Alder reaction would raise 

the energy of its HOMO, while placing electron-withdrawing groups on the other component 

would lower the energy of its LUMO. Diels-Alder reactions would therefore be expected to pro¬ 

ceed most rapidly when one component in the reaction bears strongly electron-donating sub¬ 

stituents and the other strongly electron-withdrawing substituents. 

Diels-Alder reactions also proceed rapidly if the dienophile bears electron-donating sub¬ 

stituents and the diene electron-withdrawing substituents. (These are called inverse electron- 

demand reactions.24) However, the synthesis of dienes bearing electron-donating groups and of 

dienophiles bearing electron-withdrawing groups is usually easier than the reverse, so that most 

Diels-Alder reactions involve the former type of substitution pattern. 

Catalysis by strong Lewis acids greatly increases the rates of many Diels-Alder reactions.24 

Formation of a complex between the Lewis acid and one of the components (usually the 

dienophile, as in Eq. 21) lowers the energy of its LUMO and thereby decreases the activation 

energy. Lewis acid catalysis also frequently increases the endo-exo ratios of Diels-Alder reac¬ 

tions as well as their regioselectivities—that is , the extent to which some positional isomers are 
favored over others in the products.25 

Regioselectivity. Recent theoretical work has shown that the regiochemistry of Diels- 

Alder reactions—the type and ratio of positional isomers among the products—can usually be 
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predicted on the basis of frontier orbital calculations.26 The general principle is that the principal 

isomer formed will result from connecting the atoms with the largest coefficients in the frontier 

orbitals of the two components. 
One practical difficulty with the convenient application of the molecular orbital approach is 

that it may require computer calculations to determine the atomic coefficients in molecular 

orbitals. Furthermore, amendments to the basic theory are sometimes necessary to predict the cor¬ 

rect regiochemistry. The frontier orbital approach also suffers from the theoretical problem that it 

attempts to predict the reaction course in terms of the structures of the starting materials rather 

than those of the transition states. 
An older, noncomputer, approach, which in most cases is equivalent to the approach based 

on the coefficients of wave functions, is useful in understanding the regiochemistry of Diels-Alder 

reactions. That approach is based on the rule that the major product from a Diels-Alder reaction 

will arise from the transition state that resembles the most stable of the possible diradical inter¬ 

mediates that might be formed in the reaction. 
To see how this rule works let’s consider the reaction between 1,3-pentadiene and acrolein. 

Reaction of acrolein with one end of the diene system could form four possible diradicals: A, B, C, 

or D, shown in Eq. 22. 

C D 

Of these four structures, A and B are clearly less stable than C and D since in A and B the rad¬ 

ical fragment formed from acrolein has no resonance stabilization. Diradical C is less stable 

than D since in C the radical fragment formed from the pentadiene can be written as a hybrid of 

one secondary radical resonance form and one primary radical form, while in D the radical 

fragment from the pentadiene can be written as a hybrid of two secondary radical resonance 

forms. 
The Diels-Alder product that would be formed from diradical D is indeed the principal prod¬ 

uct formed from reaction of 1,3-pentadiene and acrolein (Eq. 23). Similarly, the principal regio- 

isomers obtained from most Diels-Alder reactions can be predicted on the basis of the diradical¬ 

like transition state rule,” despite the fact that they are frequently the isomers that, on steric 

grounds, appear less likely to form (Eqs. 24 and 25). 
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It cannot be stressed too strongly that use of the diradical-like transition state model does not 

imply that the Diels-Alder reaction proceeds via free-radical intermediates. The model simply rec¬ 

ognizes that even in concerted reactions, in which several bonds are made or broken at the same 

time, some bonds are likely to be less completely formed than others in the transition state. Thus, the 

transition state for Diels-Alder reactions can benefit from the factors that would stabilize a diradi¬ 

cal. Reactions that proceed by pericyclic mechanisms but have transition states in which some 

bonds are more fully formed than others have been described as “concerted but nonsynchronous.” 

[2 + 2 + 2] Cycloadditions 

tt^s + ^2^] reactions. Although thermal [2S + 2S + 2J cycloadditions are theo¬ 

retically allowed, the simultaneous combination of three molecules would suffer from a large, 

negative, entropy effect. This would be particularly unfavorable at the high temperatures necessary 

for many cycloaddition reactions. Thus, there appear to be no examples of concerted thermal 
cycloadditions of three molecules. 

Several examples of thermal cycloaddition reactions of unconjugated dienes, such as the 

reaction of norbornadiene with maleic anhydride or acrylonitrile (Eq. 26) are known.28 The ther¬ 

mal cycloreversion reaction shown in Eq. 27 proceeds stereospecifically to form the all-cw prod¬ 
uct. This appears to be a concerted [2 +2+21 reaction.29 

cr s cr s o" 

C = N 
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125°C 
(27) 

The Alder "Ene Reaction." Alkenes can form addition products, resulting from the 

transfer of hydrogen atoms, on reaction with strong dienophiles (Eq. 28a and 28b). However, 

much higher temperatures are required than are needed for reactions of dienophiles with conju¬ 

gated dienes. 

200° 

(28a) 

(28b) 

By analogy with the Diels-Alder reaction, which is called the “diene reaction,” or the “diene syn¬ 

thesis” in German-speaking countries, this reaction is called the “Alder ene reaction,” or simply the 

“ene reaction.”30 
The fact that ene-reactions invariably result in migrations of the double bonds of the alkenes 

provides strong evidence that they proceed via concerted [J2S + a2s + ^2S] mechamms, since 

free-radical mechanisms would be expected to yield mixtures of products. A radical mechanism 

should also yield achiral products from the reaction of a chiral alkene. However, as shown in Eq. 

28b, chiral products can be obtained from such reactions.30 
Carbonyl groups, particularly in aldehydes, can act as enophiles in ene reactions. In 

these reactions, allylic hydrogens of alkenes are transferred to carbonyl oxygens, and the carbon 

atoms of the carbonyls react with the double bonds, converting the carbonyl groups to alcohols. 

Ene reactions with carbonyl groups can be catalyzed by dimethylaluminum chloride or ethylalu- 

minum dichloride, as in Eqs. 29 a and b.32,33 
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$ 4> 

CHCH, H 
I I 
CH-O- 

C1 
I 

-A1(CH3)2 
(29a) 

(29b) 

These unusual Lewis acids will react with protic acids to form methane and ethane (e.g., Eq. 30). 

This protects the reaction products from decomposition by the protic acids. 

(CH3)2A1C1 + HC1 -* CH4 + CH3A1C12 (30) 

Other Thermal Cycloaddition Reactions 

The Diels-Alder reaction and other [4S + 2J reactions constitute by far the most important group 

of cycloaddition and cycloreversion processes. Cycloadditions involving larger numbers of elec¬ 

trons are rare and of comparatively little synthetic importance, but they can be quite fascinating. 

Unfortunately, it can rarely be convincingly demonstrated that these reactions proceed by con¬ 

certed mechanisms, and their stereochemistries are often difficult to establish. 

Suprafacial eight-electron [4S + 4J or [6S + 2J cycloadditions are forbidden by the 

Woodward-Hoffmann rules and are rare. Two examples are the dimerizations of 1,3-diphenylisoin- 

denone (Eq. 31a)34 and of o-xylylene (Eq. 31b).35 The latter reaction has been shown to proceed 
by a diradical mechanism. 
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CH, 

CEL 

(31b) 

The thermally allowed [^8 + ^2] addition in Eq. 32 proceeds readily.36 Other [^8 + ^2] 

reactions are presumably the initial steps in the reactions shown in Eqs. 3337 and 34.38 

(32) 

(33) 

(34) 
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After the Woodward-Hoffmann rules for cycloaddition were published, examples of [6 + 4] 

reactions were searched for. Several were found, including those shown in Eqs. 35, 36, and 
27 39-41 

A 

Unfortunately, only suprafacial addition is possible in these reactions. Therefore, though these 

reactions are consistent with the Woodward-Hoffmann rules, they do not rule out the possibility of 

diradical mechanisms. The [6 + 4] cycloadditions appear to be favored over possible Diels-Alder 

reactions. The preference for [6 + 4] cycloaddition has been accounted for on the basis that 

[6 + 4] reactions connect the atoms having the largest coefficients in the LUMOs and HOMOs of 

the starting materials. It might also be explained by the reasoning that the transition state with the 

largest number of delocalized electrons will be lower in energy than other aromatic transition 
states. 

Cycloadditions involving still larger numbers of electrons are quite rare. A [12 + 2] reac¬ 
tion (Eq. 38), as predicted, proceeds, suprafacially.42 

CN CN 



Section 3.5 Photochemical Cycloadditions 73 

In contrast, Woodward and Hoffmann43 quoted work indicating that the [ 14 + 2] reaction shown in 

Eq. 39 proceeds antarafacially. However, the work has not yet been published. 

(39) 

Finally, a [^18 + 2] cycloaddition has been reported (Eq. 40), but the geometry of the product has 

not yet been established. 

3.5 PHOTOCHEMICAL CYCLOADDITIONS 

[2 + 2] Reactions 

Since molecules are unlikely to have long lifetimes in excited states, the probability of two mole¬ 

cules encountering one another when both are in excited states is small. Photochemical cycload¬ 

dition reactions, when they occur, should therefore normally result from the reaction of one mol¬ 

ecule in an excited state with one in the ground state. 
According to frontier molecular orbital theory, the HOMO (ir*) of an alkene in an excited 

state would have the correct symmetry for a suprafacial [2 + 2] addition to an alkene molecule in 

its ground state. In contrast, in [4 + 2] cycloadditions, the HOMO of a molecule in an excited 

state would have the opposite symmetry from the LUMO of a molecule in the ground state. Only 

antarafacial [4 + 2] cycloadditions would be allowed. 

A photochemical [2 + 2] cycloaddition is allowed. 
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excited state 

A suprafacial photochemical [4 + 2] cycloaddition is forbidden. 

Reactions from Singlet and Triplet States 

The photochemical excitation of a tt bond will initially raise it to an excited singlet state. However, 

alkenes in excited singlet states are likely to drop back to the ground states before they add to 

another alkene. As a result, bimolecular photoaddition reactions of alkenes tend to be inefficient 

processes that proceed with low quantum yields. (That is, many quanta of light must be 

absorbed—and many molecules temporarily raised to excited states — for each molecule that 
actually undergoes a photoaddition reaction.) 

Alkenes can undergo photochemical cycloaddition reactions efficiently if the double bonds 

are held in close proximity. Some fascinating molecules, such as hydrocarbons and 645, can be 
formed in this way. 

(41) 

(42) 

6 



Section 3.5 Photochemical Cycloadditions 75 

Singlet-state cycloaddition reactions of open-chain alkenes, such as the dimerizations of cis 

and frans-2-butene (Eqs. 43 and 44), proceed by stereospecific [ir2s + ^2^ paths. (These reactions 

are only stereospecific at low conversions—that is, after very short reaction times—because 

alkenes can undergo cis-trans isomerizations on photoirradiation.46) 

Some photochemical [2 + 2] cycloreversions, such as those in Eqs. 45 and 46, have also 

been shown to proceed suprafacially.47 

H H 

c=c- 

H H 
I I 
c=c- 

(45) 

(46) 

As noted earlier, intermolecular [2 + 2] reactions of alkenes proceeding by singlet paths 

are usually inefficient processes. Elowever, triplet excited states of alkenes are usually longer lived 

than singlet excited states. They are therefore more likely to undergo cycloaddition reactions with 

other alkene molecules. Since conversion of the excited singlet state of an alkene to a triplet state 

(intersystem crossing) is relatively slow, photocycloaddition reactions are often assisted by the 

addition of photosensitizers. Photosensitizers (such as benzophenone) are molecules that are eas¬ 

ily excited to triplet states and can then transfer their energy to other molecules, converting them 
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to triplets while themselves dropping back to ground states. If the resulting triplets then react with 

other alkenes, they will form triplet diradicals, as shown below. 

S = sensitizer t = triplet state s = singlet state 

Stages in photosensitized 2tt + 2tt cycloadditions 

Triplet diradicals cannot cyclize to form cyclobutane rings, since the spins of the odd electrons 

are unpaired, but they can undergo intersystem crossing to singlet states by contact with other 

molecules and can then cyclize. Cyclobutane formation via triplet states is typically not a stere¬ 

ospecific reaction (e.g., Eq. 47).48 

kCH=CIT, 

2 CH2=CH— CH=CH2 
hv H + 

^.CH=CH, 

^ch=ch2 

''H 

—H 
(47) 

'H CH=CFL 

The excited states of a, (3-unsaturated carbonyl compounds are more easily converted to 

triplets than are those of alkenes or conjugated dienes. The yields of cycloaddition products from 

the photoirradiation of unsaturated carbonyl compounds are therefore frequently higher than 

those from the photoirradiation of alkenes.49 These reactions may result in the formation of 

dimers of unsaturated ketones or other carbonyl compounds (Eq. 48)50 or in the additions of the 

carbon-carbon double bonds of the carbonyl compounds to other double bonds, as in Eqs. 4951 
and 50.52 

(48) 

O 



Chapter 3 References 77 

REFERENCES 

1. R.B. Woodward and R. Hoffmann, J. Am. Chem. Soc., 87, 2511 (1965). 

2. R.B. Woodward and R. Hoffmann, The Conservation of Orbital Symmetry. Academic Press, New York 

(1971); T.L. Gilchrist and R.C. Storr, Organic Reactions and Orbital Symmetry, 2nd ed. Cambridge 

University Press, New York (1971). 

3. J.E. Baldwin, in Comprehensive Organic Synthesis, vol. 5, L.A. Paquette, ed. Pergamon Press, New 

York (1991), pp. 63-84. 

4. P.B. Dervan and D.A. Dougherty, in Diradicals, W.T. Borden, ed. John Wiley, New York (1982); K. 

Hassenrueck, H.D. Martin, and R. Walsh, Ber., 121, 369 (1988). 

5. S. Pedersen, J.L. Herek, and A.H. Zewail, Science, 266, 1359 (1994). 

6. P.G. Gassman and H.P. Benecke, Tetrahedron Lett., 1089 (1969); J. Leitich, Tetrahedron Lett., 21, 3025 

(1971). 

7. A. Padwa, W. Koehn, J. Masaracchia, C.L. Osborn, and D.J. Trecker, J. Am. Chem. Soc., 93, 3633 (1971). 

8. L.K. Montgomery, K. Schueller, and P.D. Bartlett, J. Am. Chem. Soc., 86, 622 (1964). P.D. Bartlett, 

Science, 159, 833 (1968); P.D. Bartlett et al., J. Am. Chem. Soc., 94, 2899 (1972). 

9. S.J. Getty and W.T. Borden, J. Am. Chem. Soc., 113, 4334 (1991). 



78 Chapter 3 Cycloaddition and Cycloreversion Reactions 

10. L. Ghosez and M.J. O’Donnell, in Pericyclic Reactions, vol. II, A.P. Marchand and R.E. Lehr, eds. 

Academic Press, New York (1977), 85-109. B.B. Snider, Chem. Rev., 88, 793 (1988); S. Xu, H. Xia, 

and H.W. Moore, J. Org. Chem., 56, 6094 (1991). 

11. S. Masamune and K. Fukumoto, Tetrahedron Lett., 4647 (1965). 

12. R. Huisgen and L.A. Feiler, Ber., 102, 3391 (1969). 

13. X. Wang and K.N. Houk, J. Am. Chem. Soc., 112, 1754 (1990); F. Bemardi, A. Bottini, M.A. Robb, and 

A. Venturini, ibid., 2106. 

14. S. Proskow, H.E. Simmons, and T.L. Cairns, J. Am. Chem. Soc., 85, 2341 (1963). 

15. R. Huisgen and G. Steiner, J. Am. Chem. Soc., 95, 5054 (1973). 

16. R. Huisgen, Acc. Chem. Res., 10, 117 (1977); R. Huisgen and G. Mloston, Tetrahedron Lett., 35, 4971 

(1994). 

17. For reviews, see A.S. Onischenko, Diene Synthesis. Daniel Davey & Co., New York (1964); W. 

Carruthers, Cycloaddition Reactions in Organic Synthesis. Pergamon Press, New York (1990). See also 

chapters by W. Oppolzer, S.M. Weinreb, D.L. Boger, W.A. Roush, and R.W. Sweger and A.W. Czamik, 

pp. 315-592 in Comprehensive Organic Synthesis, vol. 5, L.A. Paquette, ed. Pergamon Press, New York 

(1991). 

18. P.D. Bartlett and J.J.-B. Mallett, J. Am. Chem. Soc., 98, 143 (1976). 

19. K. Alder and G. Stein, Angew. Chem., 50, 510(1937). 

20. A. Wasserman, Diels-Alder Reactions. Elsevier Publishing Co., New York (1965). 

21. J.A. Berson and W.A. Mueller, J. Am. Chem. Soc., 83, 4947 (1961). 

22. R. Hoffmann and R.B. Woodward, J. Am. Chem. Soc., 87, 4388 (1965). 

23. L.M. Joshel and L.W. Butz, J. Am. Chem. Soc., 63, 3350 (1971). 

24. D.L. Boger and M.J. Kochanny, J. Org. Chem., 59, 4950 (1994). 

25. H.B. Kagan and O. Riant, Chem. Revs., 92, 1007 (1992). 

26. K.N. Houk, Acc. Chem. Res., 8, 361 (1975). 

27. I.-M. Tegmo-Larsson, M.D. Rozeboom, N.G. Rondan, and K.N. Houk, Tetrahedron Lett., 22, 2047 

(1981). 

28. H.K. Hall, Jr., J. Org. Chem., 25, 42 (1960). 

29. D.L. Mohler, K.P.C. Vollhardt, and S. Wolff, Angew. Chem. Inti. Ed. Engl., 29, 1151 (1990). 

30. B.B. Snider, in Comprehensive Organic Synthesis, vol. 5, L.A. Paguette, ed. Pergamon Press, New York 

(1991), 1-25. 

31. Z. Song and P. Beak, J. Am. Chem. Soc., 112, 8126 (1990). 

32. C.P. Cataya-Marin, A.C. Jackson, and B.B. Snider, J. Org. Chem., 49, 2443 (1984). 

33. A.C. Jackson, B.E. Goldman, and B.B. Snider, ibid., 49, 3988 (1984). 

34. J.M. Holland and D.W. Jones, Chem. Comm., 587 (1969). 

35. L.A. Errede, J. Am. Chem. Soc., 83, 949 (1961). 

36. P.H. Ferber, G.E. Gream, P.K. Kirkbride, andE.R.T. Tiekink, Aust. J. Chem., 43, 463 (1990). 

37. E. Le Goff, J. Am. Chem. Soc., 84, 3975 (1962). 

38. A. Galbraith, T. Small, R.A. Barnes, and V. Boekelheide, J. Am. Chem. Soc., 83, 453 (1961). 

39. R.C. Cookson, B.V. Drake, J. Hudec, and A. Morrison, Chem. Comm., 15 (1966). See also T. Machiguchi 

and S. Yamabe, Tetrahedron Lett., 41, 4169 (1990); M. Wollenweber, H. Fritz, G. Rihs, and H. Prinzbach, 
Ber., 124, 2465(1991). 

40. T. Mukai, T. Tezuka, and Y. Akasaki, J. Am. Chem. Soc., 88, 5025 (1966). 



Chapter 3 Problems 79 

41. K.N. Houk and R.B. Woodward, J. Am. Chem. Soc., 92, 4143 (1970). 

42. H. Prinzbach and H. Knoefel, Angew. Chem., Inti. Ed. Engl., 8, 881 (1969). 

43. Reported in R.B. Woodward and R. Hoffman. The Conservation of Orbital Symmetry. Academic Press, 
New York (1971), 85. 

44. W.G. Dauben and R.L. Cargill, Tetrahedron, 15, 197 (1961). 

45. G. Sedelmeir et al., Tetrahedron Lett., 27, Mil (1986). 

46. H. Yamazaki and R.J. Cvetanovic, J. Am. Chem. Soc., 91, 520 (1969). 

47. J. Saltiel and L.-S. Ng Lim, J. Am. Chem. Soc., 91, 5404 (1969). 

48. G.S. Hammond, N.J. Turro, and A. Fischer, J. Am. Chem. Soc., 83, 4674 (1961). G.S. Hammond, N.J. 
Turro, and R.S.H. Liu, J. Org. Chem., 28, 3297 (1963). 

49. See D.I. Schuster, G. Lem, and N.A. Kaprindis, Chem. Rev., 93, 3 (1993). 

50. P.E. Eaton, J. Am. Chem. Soc., 84, 2344 (1962). 

51. E.J. Corey, J.D. Bass, R. Le Mahieu, and R.B. Mitra, J. Am. Chem. Soc., 86, 5570 (1964). 

52. V.T. Hoffmann and H. Musso, Angew. Chem. Inti. Ed. Engl, 26, 1006 (1987). 

PROBLEMS 

1. Explain why orbital symmetry conservation rules allow or forbid each of the following reactions to occur 
as a concerted process. 

CH, 
I 

(d) 
H,C^© XH2 

2 © 2 

+ 

Hv 

W 

<K 
/c=cC 

H^ 4) 

C' 
II 

.c. 

o 
II 

xoch3 

'COOL 

+ f^il 

H3C—N 

co2ch3 

co2ch3 

o 
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i i 
i i 
i i 

CH , CH3 

2. Write reasonable mechanisms for the following reactions, using curved arrows to show movements of 

electrons. Do not combine steps. 

(R.F. Brown et al.. Tetrahedron Lett., 35, 4405 [1994]) 

(d) Account for the ease with which reaction 2c takes place. 

O O 
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(D. Schomburg, M. Thielmann, and E. Winterfeldt, Tetrahedron Lett., 26, 1705 [1985]) 

(i) Q o 
A 

O CH 

+ CH2=CH—CH 
hv 

+ 

3 

I 
ch2N 

'CH, 

(A. Rudolf and A. C. Weedon, Can. J. Chem., 68, 1590 [1990]) 

(H. D. Becker and K. Anderson, Tetrahedron, 42, 1555 [1986]) 

3. Draw structures for the principal products of the following reactions, or write “no reaction.” Show the con¬ 

figurations of the reaction products if they can be determined from the structures of the starting materials. 

(a) 

+ 
200°C 

+ 
50°C 

Compound A 
NaOH 

Compound B 
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zC1 
(C) o=c=c + ch2=chch3 

Cl 

(d) 
F. 

F 
;c=c + 

(f) 

^ch3 

"■H 
>*D 

''H 

+ A 



Chapter 4 

Sigmatropic Reactions 

4.1 THEORY OF SIGMATROPIC SHIFTS 

Pericyclic Rearrangements 

While many common rearrangements require the formation of carbocations or other reactive inter¬ 

mediates, some rearrangement processes proceed directly by concerted pericyclic mechanisms. 

One example is the Cope rearrangement (Eq. 1), which results in the interconversion of two 1,5- 

hexadiene derivatives on heating.1 

original 
cr-bond 

h3c—ch) (xh2 

H,C- C^CH 
225°C 

0) 

Migrations of hydrogen atoms in conjugated dienes can also proceed by concerted peri¬ 

cyclic mechanisms, as in Eq. 2. 

Since each of these reactions results in the change in position of one ct bond (as well as of 

several it bonds), Woodward and Hoffmann coined the term “sigmatropic shifts” to describe 

83 
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them.2,3 In a sigmatropic shift a ct bond in an allylic position* migrates to the further end of the 

adjoining it bond or to the end of a set of conjugated tt bonds. (In a Cope rearrangement, a “dou¬ 

bly allylic bond” migrates to the ends of both tt bonds.) 
Woodward and Hoffmann classified different types of sigmatropic shifts as being rearrange¬ 

ments of different “orders.” To identify the order of a particular sigmatropic shift the two atoms 

forming the bond being broken are both numbered as atom 1. Then the atoms in each direction 

from the bond being broken, up to and including the atoms that form the new a bond in the prod¬ 

uct, are numbered consecutively as atoms 2, 3, and so forth. The numbers assigned to the atoms 

forming the new bond, separated by commas, are placed within brackets to designate the reaction 

order. 
According to this rule, Cope rearrangements are sigmatropic shifts of order [3,3]. 

bond 
being 
broken 

The migration of a hydrogen shown in Eq. 2 is a sigmatropic shift of order [1,5]. Note that 

this is not because the hydrogen migrates from carbon 1 to carbon 5, but because the hydrogen 

(one of the two atoms bearing the number 1) will form part of the <r bond being made as well as 

forming part of the bond being broken. 

bond being 
broken 

h3c H 

®0® 

© 

[1,5] 
(2) 

All of the atoms taking part in the reaction (that is, atoms forming part of a bond being 

made or broken), and only those atoms, must be counted when determining the order of a sig¬ 

matropic shift. Thus, the rearrangement of the cyclohexadiene shown in Eq. 2 cannot be called 

a [1,3] shift rather than a [1,5] shift, since the CH2 group linking atoms 1 and 5 does not take part 

in the reaction. 

Suprafacial and Antarafacial Shifts 

In theory, every sigmatropic shift might result in either retention or inversion of the geometry of 

the migrating group. (That is, the new bond might be formed using the original bonding lobe of the 
migrating atom or using its back lobe.) 

*The migrating a bond may instead be linked either to an atom bonded to an atom with an empty orbital or to one 

bonded to an atom bearing unshared electrons (see Chapters 6 through 8). 



Section 4.1 Theory of Sigmatropic Shifts 85 

retention product 

There is another aspect to the stereochemistry of sigmatropic shifts. In principle, the migrat¬ 

ing group might remain on the same “face” of the tt system as that from which it started, or it 

might end up on the opposite face. Woodward and Hoffmann define a sigmatropic reaction in 

which the migrating group remains on the original face of the tt system as a suprafacial rearrange¬ 

ment and one in which the migrating group ends up on the opposite face as an antarafacial 

rearrangement. 

A suprafacial [1,5] shift 

An antarafacial rearrangement is actually an inversion process, but rather than causing the 

inversion of the geometry of a single chiral atom it results in moving the migrating group to the 

opposite face of a ring or double-bond system. This can be most easily seen in the reactions of 

cyclic systems, such as the (very hypothetical) [1,5] antarafacial migration of a methyl group 
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shown below. If this reaction actually took place—it does not—it would convert a cis derivative 

of cyclohexadiene into a trans form. 

Inversion of geometry resulting from a hypothetical antarafacial rearrangement 

Application of Symmetry Conservation Rules 

The geometries of sigmatropic rearrangements, like those of other pericyclic reactions, can be 

predicted from electronic theory. 

The aromatic transition state approach. Perhaps the simplest way to predict the 

stereochemistry of a sigmatropic rearrangement is by counting the number of electrons involved in 

the reaction and applying the aromatic transition state approach. (The electrons involved in a 

sigmatropic shift include the electrons in the a bond and in all reacting tt bonds, as well as any 

unshared electrons that become bonding electrons as a result of the reaction.) 

The rules are essentially the same as for cycloaddition reactions. Sigmatropic shifts involv¬ 

ing An electrons proceed via an odd number of antarafacial interactions. That will result in an odd 

number of inversions, either of the geometry of the migrating group or of the geometry of a ring or 

double bond. Sigmatropic shifts involving An + 2 electrons result in an even number of inver¬ 

sions. For practical purposes, that even number will almost always be zero. 

A [1,5] shift of a hydrogen atom for instance, is a six-electron process (four tt electrons and 

two electrons from the cr bond). The reaction with zero inversions is allowed. The hydrogen atom 

would be expected to remain on the face of the tt system from which it started, and both double 

bonds would retain their cis geometries. (Three other stereoisomers, resulting from rearrange¬ 

ments with two inversions, could theoretically be formed by allowed processes. However, their 

formation would require very strained transition states and is extremely unlikely.) 

theoretical possibilities only 

(A technique that is sometimes useful in visualizing the stereochemistry of sigmatropic 

rearrangements is to regard them as cycloaddition reactions of the individual bonds. This is essen¬ 

tially equivalent to counting electrons. A [1,5] shift, for instance, can be regarded as a [^2 + ^2 + 2] 
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cycloaddition. The expected [3 + 3 + J2a] process would yield the most likely product, while 

reactions involving two antarafacial interactions would, in theory, yield the other possible 
stereoisomers.) 

The frontier orbital approach. The stereochemistries of sigmatropic shifts can also be 

predicted by frontier orbital methods. One way to do this would be to regard all the reacting 

bonds—it bonds and cr bonds together—as comprising one big orbital system, and then to con¬ 

sider the symmetry of its HOMO. A more common approach, suggested by Woodward and 

Hoffmann, is to treat the reaction as though the bond being broken partially ruptures to form a 

transition state consisting of two associated free radicals. The phase relationships between the 

HOMOs of the two “radicals” then determine whether the reaction is suprafacial or antarafacial. 

In a Cope rearrangement, for example, partial cleavage of the central bond would give rise 

to a transition state resembling two allylic radicals (see the following diagram). The HOMOs of the 

two radicals would have the same symmetry and would recombine in a suprafacial manner. 

ip 
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“Diradical-like” transition state for a cope rearrangement 

In a [1,5] hydrogen shift, the transition state would resemble a hydrogen atom associated 

with a pentadienyl radical. The hydrogen orbital has a single lobe, which must be in phase with the 

lobe of the carbon atom to which it was initially bonded. The HOMO (t[/3) of a pentadienyl radical 

is symmetric. Therefore, in a suprafacial migration, the hydrogen orbital would also be in phase 

with the atomic orbital at the other end of the chain. A suprafacial [1,5] shift would be allowed. 

HOMOs in the transition state for a [1, 5] hydrogen shift 
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The situation would be different in a suprafacial [1,3] hydrogen shift. In that case, since the 

HOMO (i|;2) of the allyl orbital is antisymmetric, the hydrogen atom could not be simultaneously in 

phase with the atomic orbitals at both Cl and C3 of the allyl radical. A suprafacial migration would 

therefore be forbidden. In theory, an antarafacial reaction, in which the hydrogen atom moved to the 

opposite side of the tt system, would be allowed, but it is geometrically improbable. 

A theoretically allowed antarafacial [1,3] hydrogen migration 

An additional possibility would exist if an alkyl group, rather than a hydrogen atom, were 

the potential migrator. Suprafacial migration with retention of the configuration of the migrating 

group would again be forbidden. An antarafacial migration with retention, while theoretically 

allowed, would be very unlikely to occur. A suprafacial migration forming a new bond to the 

“back” lobe of the migrating orbital, as in the diagram below, would also be theoretically allowed. 

This process would result in inversion of the configuration of the migrating group. It would obvi¬ 

ously require grossly distorted bonds in the transition state and would be an unlikely process, 

although perhaps not quite so unlikely as a migration to the opposite face of the tt system. 

transition state 

Suprafacial [1, 3] migration with inversion is allowed 

4.2 EXPERIMENTAL OBSERVATIONS 

[1,3] Sigmatropic Shifts 

The conclusion that suprafacial [1,3] shifts of hydrogen atoms are forbidden is consistent with the 

fact that double bonds of alkenes do not normally undergo migration at temperatures below about 

500°C.* Even hydrocarbon 1 is sufficiently stable that it can be prepared by pyrolysis of an ester 

at 350°C4 (Eq. 3) despite the fact that its isomerization to toluene by a [1,3] hydrogen shift would 
be highly exothermic. 

*Thermolyses of allenes can result in intramolecular [1,3] hydrogen shifts. It has been suggested that both tt bonds 

may participate in these reactions, resulting in rather peculiar six-electron processes.5 

CH, 
c4h9... 

H"' 
C = C=C 

CH, 
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c,h7 h 
3 \ / 

C=C H 
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H C=C 
/ \ 

H CH3 
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(3) 

The fact that suprafacial [1,3] hydrogen shifts are forbidden accounts for the fact that enols 

do not isomerize to their more stable carbonyl tautomers unless the reactions are catalyzed by 
acids or bases (Eq. 4). 

OH O 
I hPor OH II (4) 

CH3— C=CH2 7=-* ch3— c — ch3 

Not surprisingly, there do not seem to be any examples of thermal [1,3] alkyl shifts in 

open-chain alkenes. However, [1,3] shifts of alkyl groups can occur if the reactions involve 

expansions of strained three-membered or four-membered rings, as in the rearrangements of 2a 

and 3. 

As predicted by orbital symmetry conservation rules, these reactions proceed almost entirely with 

inversion of the configurations of the migrating groups.6* 

The [ 1,3] migration of a deuterated benzyl group from nitrogen to carbon in diamine 4 sim¬ 

ilarly results entirely in the inversion of the geometry of the chiral benzyl group. This reaction 

takes place at remarkably low temperatures, possibly because the rearrangement eliminates 

“antiaromatic” character in the dihydropyrazine ring of 4. 

*The degree of inversion in rearrangement of 3 and its analogs, however, does not vary with temperature. This has 

been interpreted as meaning that inversion and retention proceed via a single intermediate, presumably a diradical.7 
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<l> 4> 

H —C-D 

4> 

4 

80°C 

H—C-D 

I H 
.N 

'N 

D 
] 
c—4> 

H 

(7) 

In the transition states for the rearrangements of 2a and 3, the normal bond angles would have 

to be greatly distorted to bring the “back lobes” of the migrating a bonds into bonding distance with 

the it bonds. This seems to require nearly enough energy to completely split the a bonds.* Indeed, 

small changes in the structures of the starting materials appear to be sufficient to make diradical 

mechanisms competitive with the concerted mechanisms. Rearrangement of hydrocarbon 2b, for 

instance, while proceeding principally with inversion, does demonstrate significant amounts of 

rearrangement with retention, presumably resulting from a diradical rearrangement process.9 

Effects of Polar Substituents 

While migrating groups in nonpolar molecules usually undergo inversions in the course of thermal 

[1,3] rearrangements, the same does not seem to be true of molecules containing strongly electron- 

withdrawing or electron-donating substituents. The thermal rearrangement of compound 5, for 

instance, proceeds with about 95 percent retention of configuration,10 and the intramolecular migration 

of the chiral 1-phenylethyl group in the alkoxide ion 6 proceeds with about 65 percent retention.11 

CN CN 

5 

250°C 

H CfL 
'7 

4> ch2 
I 

NC 
(8) 

(9) 

*The activation energies for the rearrangements of 2a and 3 are only 2 to 3 kcal/mol lower than the energies cal¬ 

culated to be necessary to cleave the migrating bonds to form diradicals, and actually fall within the margin of error of those 

calculations.7,8 
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If the transition states for rearrangement of 5 and 6 are considered to resemble complexes of 

free radicals, it can be seen that the two “radical units” in each transition state will differ markedly 
in polarity. 

It has been noted that forbidden reactions should be much “less forbidden” in highly polar 

systems than in hydrocarbons or other nonpolar molecules.12 The presence of strongly electron- 

withdrawing groups on one “radical unit” in the transition state would lower the energy levels of 

its molecular orbitals. Lowering the energy level of the LUMO of one “radical” would bring its 

energy level closer to that of the HOMO of the other “radical”. There should therefore be appre¬ 

ciable interaction between the HOMO and LUMO of the two “radicals”, which would be in phase 

in the formally forbidden reaction. (This is illustrated below for a reaction in which the allylic 

unit is substituted with electron-withdrawing groups.) 

approximate energy 

> levels for MOs of the 

transition state 

in a polar molecule 

Similarly, (he presence of strongly electron-donating groups, such as a negatively charged 

oxygen, on one radical would raise the energy of its HOMO closer to that of the LUMO of the 

other radical unit and would facilitate their interaction in the transition state. 

Despite these interactions, suprafacial [1,3] thermal shifts would still require that electrons 

in the frontier orbitals be raised to relatively high levels in the transition states. Those transition 

states, however, would be much lower in energy than if nonpolar compounds were undergoing 

similar rearrangements. They might well be lower in energy than the distorted transition states 

required for [1,3] migrations with inversion of the migrating groups. 

Photochemical [1,3] Shifts 

According to the general principle that concerted photochemical and thermal processes should 

proceed with opposite geometries, photochemical [1,3] shifts, if concerted, should yield prod¬ 

ucts resulting from suprafacial migrations.3,13 [1,3] shifts in alkenes are common in photo¬ 

chemical processes.14,15 However, many of these reactions proceed via excited triplet states. 

The triplet states apparently form diradicals or radical pairs, which then recombine to form 

the rearrangement products.14 Orbital symmetry conservation rules are irrelevant for these 

reactions. 
[1,3] shifts resulting from excited singlet states of alkenes can also proceed via recombina¬ 

tion of radical intermediates.15 However, in some cases rearrangements from singlet states do 

appear to proceed by concerted mechanisms. The rearrangements of 7a and 7b for instance, have 

been shown to proceed stereospecifically, with retention of the configurations of the migrating 

benzylic carbons (Eq. 10).16 

% 

s<- 

Formation of the transition state for a suprafacial [1,3] migra 
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(10) 

[1,5] Shifts 

Hydrogen migrations. [1,5] shifts of hydrogen atoms, usually at temperatures of 

200°C and above, are common reactions. In small cyclic systems, such as those shown in Eqs. 11 

and 12,17 the hydrogen migrations must almost certainly be suprafacial. 

(ID 

(12) 

Thermal [1,5] hydrogen shifts in open-chain systems also appear to proceed via purely suprafacial 

paths. That was demonstrated by the fact that at 250°C the chiral diene 8 yielded specifically the 

two stereoisomers shown in Eq. 13a and b (arising from different conformations of 8) and none of 
the products that would result from antarafacial hydrogen migrations.18 

(13a) 

8 



Section 4.2 Experimental Observations 93 

CH, 
CEL 

(13b) 

When indene derivatives are heated to 100°C, they undergo rearrangements that appear, at 

first, to be [1,3] hydrogen migrations (Eq. 14). 

(14) 

However, experimental studies have shown that these reactions proceed entirely by [1,5] shifts, as 

inEq. 15.19 

In these rearrangements, a mechanism requiring disruption of an aromatic ring is preferred 

over a mechanism that leaves the aromatic ring intact throughout the reaction. This is dramatic 

evidence of the barriers to rearrangements proceeding by “forbidden” mechanisms. 

Photochemical [1,5] shifts of hydrogen atoms would be allowed only if they proceeded by 

antarafacial paths. Such reactions are therefore quite rare. However, several examples are known 

in which thermal [1,5] shifts of hydrogen atoms are difficult but in which [1,5] shifts proceed read¬ 

ily on photoirradiation.20’21 In these cases the geometries of the molecules (e.g., diene 9)20 actually 

favor antarafacial [ 1,5] hydrogen shifts. 

r 
H 

I 
,C(CH3)2 

^ch2 

\ 
CTE 

H2c^,CH(cn3)2 

^CH2 

\ 
ch3 

(16) 

[1,5] migrations of alkyl, aryl, and acyl groups. In contrast to hydrogens, alkyl and 

aryl groups have never been observed to undergo thermal [ 1,5] shifts in acyclic systems. However, 

such migrations are common in reactions of cyclopentadiene derivatives. Rearrangements of the 

isomeric spiro compounds 10a and 10b proceed, as predicted, with retention of the configurations 

of the migrating groups. (The products actually obtained from these reactions result from [1,5] 
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hydrogen shifts in the initial products. The hydrogen shifts are very rapid at the temperatures 

required for alkyl migrations.22) 

Migratory aptitudes in [1,5] shifts. Several groups have studied the relative abili¬ 

ties of different migrating groups to undergo [1,5] shifts in rearrangements of cyclopentadienes and 

indenes.23-25 These studies show that carbonyl and carboxyl groups are the very best migrators (as 
in Eq. 18), with hydrogen atoms the next best.* 

Aromatic rings and vinyl groups are also good migrators, but not as good as carbonyl groups or 
hydrogens. 

Alkyl groups are by far the poorest migrators in thermal [1,5] shifts. They apparently do 

not undergo migration at all in indenes, while temperatures above 250°C (more than 150°C higher 

than for migrations of carbonyl groups) are necessary for their migrations to take place in reactions 
of cyclopentadienes.'*’ 

♦However, hydrogen atoms appear to be better migrators than carboxyl groups in rearrangements of 1,3-cyclo- 
hexadienes.26 

tit has been suggested that unsaturated groups are more effective migrators than alkyl groups because there are sec¬ 

ondary orbital interactions between the HOMOs of the cyclopentadienyl and indenyl systems and the LUMOs of the 7r bond 

systems of the migrating groups.23 This hypothesis is supported by the fact that [1,5] shifts of aromatic rings are most rapid whe 

the migrating rings bear electron-withdrawing substituents.24-25 Electron-withdrawing substituents would lower the energies of 

the LUMOs of the migrating groups, thus bringing them into closer correlation with the HOMOs of the indenyl radicals. Of 

course, carbonyl and carboxyl groups have particularly low-lying LUMOs and would thus be expected to be effective migrators. 
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While [1,5] migrations of alkyl groups do not take place in indenes, they proceed readily in 

the very exothermic rearrangements of isoindenes, such as 13, since these reactions result in the 

formation of new aromatic rings.28 

CH(CH3) 3'2 

13 

(19) 

In these rearrangements the relative “migratory aptitudes” of the migrating groups decrease in the 

order benzyl > cyclopropylmethy > isopropyl > ethyl > methyl. The best migrators among alkyl 

(and substituted alkyl) groups are those that would form the most stable free radicals and that are 

therefore linked to the isoindenyl framework by the weakest bonds. 

Rearrangements of 1,3-cyclohexadienes. Hydrogen atoms can undergo [1,5] 

migrations in 1,3-cyclohexadienes, as can carbonyl groups (Eq. 20). 

However, appreciably higher temperatures are required than are needed for the corresponding 

rearrangements of cyclopentadienes.26 
Surprisingly, alkyl groups, which are very poor migrating groups in cyclopentadienes, have 

been reported to undergo [1,5] migrations in cyclohexadienes at temperatures not much higher 

than those required for carbonyl migrations.29 This anomaly was resolved when it was demon¬ 

strated that the apparent migrations of alkyl groups in 1,3-cyclohexadienes are not simple [1,5] 

shifts. For instance, it was found that rearrangements of the cyclohexadiene derivative 14, bearing 

a methyl group labeled with radioactive carbon, yielded a rearrangement product in which the 

radioactive carbon was located in the ring rather than in the methyl group.30 

CH, 4> 

X 

14 

(21) 
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It has been proposed that this reaction proceeds by initial electrocyclic ring opening, fol¬ 

lowed by a [1,7] hydrogen shift and reclosure of the ring, as shown in Eq. 22. (The final loss of 

hydrogen gas presumably occurs via a free-radical chain reaction.) 

Migrations in blocked aromatic systems. [1,5] migrations of alkyl groups can take 

place at relatively low temperatures in blocked aromatic molecules, such as methylenecyclohexa- 

dienes and cyclohexadienones. (Isoindenes, which were discussed on page 95, can also be classi¬ 
fied as blocked aromatic compounds.). 

methylenecyclohexadienes cyclohexadienones an isoindene 

(“semibenzenes”) 

In these molecules the presence of “blocking” substituents prevents the isomerization of nonaro¬ 

matic rings to aromatic structures. The rearrangements of these compounds do not always result in 

the immediate formation of aromatic rings (although the final products of the reaction sequences 

are indeed usually aromatic). However, the ease with which they undergo rearrangements sug¬ 

gests that the blocked aromatic rings attain an appreciable degree of aromatic stability in the tran¬ 
sition states for the rearrangements. 

For instance, [1,5] migrations of benzyl31 or cyclopropylmethyl32 groups take place when 

ort/zo-cyclohexadienones such as 15 and 16 are heated. This converts the starting compounds to 

isomers that can tautomerize (or can lose isobutene molecules) to form phenols. 
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Alkyl groups do not usually undergo [1,5] migrations in cyclohexadienes. However, a [1,5] 

migration of a benzyl group does take place when compound 17 is treated with trimethylamine. In 

this case the rearrangement step is so rapid that the presumed intermediate, 18, cannot be 

detected.33 

O 

A 

R 

17 
v 

18 
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Similarly, quite gentle heating of 19 results in [1,5] alkyl shifts to form 20.34 

(26) 

As with 17, the exceptional rapidity of the rearrangement can be attributed to the fact that a nonaro¬ 

matic ring is converted to an aromatic ring during the rearrangement step. 

It is important to note that [1,5] migrations of groups other than hydrogen have been observed 

only in cyclopentadienes or cyclohexadienes, where the dienes are fixed in s-cis structures. 

The “semibenzene rearrangements” of compounds such as 2135 and 2236 originally appeared 

to contradict this statement. 

(27) 

(28) 

However, there is now convincing evidence that these reactions actually proceed via radical chain 
mechanisms, as in Eq. 29.36,37 

(29) 
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For instance, at 0°C semibenzene 23 rearranges to yield both 24 and 25, demonstrating that a 

2-butenyl free radical is an intermediate in the reaction. 

23 24 25 

[1,7] Shifts 

A thermal [1,7] shift of a hydrogen atom is believed to take place in the biological conversion of 

previtamin D3 to vitamin D3.38 

17 

previtamin D3 

17 

(31) 

While the stereochemistry of the migration cannot be determined in that system, it has been shown 

that [1,7] hydrogen shifts in the rearrangement of 26 proceed entirely by antarafacial paths39 as 

predicted by orbital symmetry conservation rules. (Suprafacial [1,5] shifts, of course, would also 

be allowed, but the [1,7] shifts are more rapid.) 

26 
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Thermal [1,7] shifts of carbon atoms are extremely rare but do occur in the interconversions 
of the bicyclic nonatriene derivatives 27a-27d.40 

27b 27c 

(X = CN,Y = CH3 or X = CH3,Y = CN) 

27d 

(33) 

These reactions occur without any detectable interchange of endo and exo substituents. This appar¬ 

ent retention of geometry actually results in the inversion of the configuration of the chiral center 
in each migration, as required by orbital symmetry conservation rules. 

Photochemical [1,7] shifts should proceed suprafacially; therefore, they are geometrically 

feasible in cyclic systems. Photochemical [1,7] shifts of both hydrogen atoms and alkyl groups 
have been observed in cycloheptatriene derivatives (Eq. 34).41 

[3,3] Sigmatropic Shifts 

Cope rearrangements. [3,3] shifts in 1,5-hexadienes (Cope rearrangements) are very 

common reactions.40 The Cope rearrangement of 1,5-hexadiene itself requires temperatures in the 

range of 250 to 300°C to proceed at a reasonable rate. However, substituted 1,5-hexadienes often 

leanange at significantly lower temperatures, particularly when the substituents are aromatic rings 
or other unsaturated groups.42’43 

Substituents at Cl (or C6) and C3 (or C4) of 1,5-hexadienes would be expected to increase 

the rates of Cope rearrangements, since the presence of substituents at those positions would 

weaken the bonds being broken in the reactions. However, phenyl substituents at C2 and C5 appear 

to be at least as effective as phenyl substituents at Cl and C3 in lowering the activation energies for 
Cope rearrangements (Eqs. 35 and 36),43’44 

(35) 
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These facts, as well as the results of some theoretical calculations,45 have been considered to 

support a nonconcerted mechanism, in which the initial step is the formation of a cyclohexane-1,4- 

diyl diradical (or biradicaloid*), as shown here. 

R R R 

A cyclohexane- 1,4-diyl diradical 

At present, however, the bulk of the experimental and theoretical evidence seems to support a 

concerted mechanism for the Cope rearrangement of 1,5-hexadiene itself.46 (It is possible for sub¬ 

stitution or other modifications to tilt the mechanism of a Cope rearrangement to a diradical path 47 

The rearrangement of the cyclic diallene 28a for instance, has been shown to proceed by a non¬ 

concerted (presumably diradical) mechanism.48 The choice of reaction paths is so delicately bal¬ 

anced, however, that the stereoisomeric diallene 28b rearranges by both diradical and concerted 

mechanisms.)366 

H 

H 

28a 

H 

*A biradicaloid has been defined as “a singlet biradical in which through-bond coupling between the radical cen¬ 

ters is so strong that the system behaves in many respects as a closed shell species. 45 
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Cope rearrangements occur at exceptionally low temperatures when the single bond is part 

of a small strained ring and the two double bonds are cis to each other, as in Eqs. 38 and 39.49 

The fastest known Cope rearrangements are those of derivatives of semibullvalene.50’51 

The degenerate rearrangement of semibullvalene itself proceeds with an activation enthalpy of 

approximately 5.0 kcal/mol,50’51 and the rearrangements of some of its derivatives have even lower 
enthalpies of activation. 

-120°C 

semibullvalene 

It has been suggested that suitable substitution might lower the activation energy all the way to 

zero,52 in which case the two forms would not have independent existences. Instead, they would be 

resonance forms of a structure with delocalized a and tt electrons. So far, no such delocalized 
structure has been detected. 

Geometries of Cope Rearrangements. In a Cope rearrangement of an open-chain 

diene, the transition state might resemble a chair form or a boat form of a six-membered ring. 

Elegant studies by Doering and Roth at Yale University showed that 99.7 percent of the product 

from rearrangement of meso-3,4-dimethyl-1,4-hexadiene (29) had the cis,trans geometry. 

(41a) 

The cis, trans product would result from a chairlike transition state (29a) 



Section 4.2 Experimental Observations 103 

H 

CH, 
(41b) 

while a boatlike transition state (29b) would yield principally the trans,trans isomer of the 

product.53 

(41c) 

Claisen rearrangements. Claisen rearrangements are thermal [3,3] shifts in allyl 

vinyl ethers such as 30, or in allyl phenyl ethers.1,54 

Aza-Claisen56 and thio-Claisen rearrangements (e.g., Eq. 43),57 in which the oxygen atoms of 

allyl vinyl ethers are replaced by nitrogen and sulfur atoms, respectively, are also known. 

CH^-CH, 
//S \ 

X
 II 

CH2 (s 
CH, 

3\ 

zs 
CH,C( / II 

c=c — -► c—CH 

C„nf XH c6nf 

(43) 
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The rearrangements of allyl phenyl ethers are the most common types of Claisen rearrange¬ 

ments. The conversion of an allyl phenyl ether to an ort/zo-allylphenol is frequently identified 

simply as a “Claisen rearrangement” but is more precisely called the “ortho-Claisen rearrange¬ 
ment” (Eq. 44).* 

(44) 

When both ortho positions on the aromatic ring are already substituted (and even, to a small 

degree, when one or both are not substituted), the migrating allylic group will shift to the para 

position, resulting in apura-Claisen rearrangement (Eq. 45). 

A para-Claisen rearrangement 

While the [3,3] shifts in ortho-Claisen rearrangements result in inversions of the allylic 

structures of the migrating groups, the migrating groups retain their original structures in para- 

Claisen rearrangements. This would be the expected result if para-Claisen rearrangements pro¬ 

ceeded by [1,5] shifts, but the direct [1,5] shift mechanism seems unlikely, in view of the distance 

between the oxygen atoms and the para positions. In fact, para-Claisen rearrangements have been 

demonstrated to proceed by two successive [3,3] shifts, as in Eq. 46. The allylic group first 

migrates to the ortho position and then undergoes a second [3,3] shift (a Cope migration step) to 
the para position. 

*The term Claisen rearrangement is commonly used to refer both to the [3,3] shift steps in rearrangements of 

allyl phenyl ethers and to the overall processes, including tautomerism steps, resulting in the formation of the phenolic 
products. 
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The result of the two successive inversions is to regenerate the original structure of the allylic 

group. Finally, the para-cyclohexadienone formed in the second migration step tautomerizes to 

form a phenol—a process presumably catalyzed by bases or acids. (The phenolic products them¬ 

selves are acidic enough to catalyze the tautomerism steps.) 

Several lines of evidence demonstrate that para-Claisen rearrangements proceed via two 

successive [3,3] shifts rather than a single [1,5] shift: 

1. The o/t/io-cyclohexadienone, 32, formed as the initial intermediate in rearrangement of ether 

31, has been trapped as its Diels-Alder adduct with maleic anhydride.57 

2. It has been shown that allylic substituents in ortho-cyclohexadienones such as 33 migrate to the 

para positions of the rings at temperatures much lower than those required for para-Claisen 

rearrangements.58 (Rather surprisingly, these Cope migrations of allylic groups are usually 

faster than their retro-Claisen migrations to reform allyl aryl ethers, in spite of the fact that aryl 

ethers are appreciably lower in energy than are para-cyclohexadienones.) 
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3. When substituents at ortho positions of allyl phenyl ethers are themselves allylic groups, they may 

undergo Cope migrations in place of the original migrating groups, as in Eq. 49.59 

OH (49) 

If tautomerism of the ort/zo-cyclohexadienone formed in the first step of a Claisen rearrange¬ 

ment is possible, tautomerism will normally be much faster than a [3,3] shift of an allyl group. As 

a result, the principal products obtained from heating allyl phenyl ethers with unsubstituted ortho 

positions are those from ortho-Claisen rearrangements. 

Abnormal Claisen rearrangements. Thermal rearrangements of allyl vinyl ethers 
and allyl aryl ethers sometimes give rise to products with rearranged (rather than simply inverted) 

structures of the allylic groups. These reactions, known as abnormal Claisen rearrangements, 

are particularly likely to occur if the reaction temperatures are higher than those usually employed 
for Claisen rearrangements. 
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Abnormal Claisen rearrangements, such as that in Eq. 50, have been shown to proceed by 

initial [3,3] shifts to yield “normal” Claisen rearrangement products, which then undergo further 
rearrangements (Eq. 51).60 

An abnormal Claisen rearrangement 

(50) 

(51) 

The final two steps in the abnormal Claisen rearrangement can be classified as “homo-[ 1,5] hydro¬ 

gen shifts.” (The term homo is a shortened form of homologous, meaning that the reaction 

involves one more carbon atom than a typical [1,5] hydrogen shift.) 

[5,5] Shifts 

Thermal [5,5] shifts are much less common than [3,3] shifts. However, this appears to result from 

the fact that molecules capable of exhibiting such reactions are relatively rare, rather than because 

of any intrinsic difficulty with the reactions. 

On heating at 186°C, phenyl pentadienyl ethers yield principally 4-pentadienylphenols, 

along with smaller yields of products from ortho-Claisen rearrangements (Eq. 52).61 
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Deuterium labeling experiments have demonstrated that the principal products result from direct 

[5,5] shifts (Eq. 53) rather than from two consecutive [3,3] shifts.62 

If the geometry of the molecule is favorable, [5,5] shifts can occur remarkably easily. The 

rearrangement of 34a, for instance, is quite rapid at room temperature. In contrast, 34b does not 

undergo any rearrangement, even at elevated temperatures. Apparently interference between the 

two methyl groups in 34b prevents the molecule from attaining the proper conformation for 

rearrangement to occur.63 

34a, R = H or D 
b, R = CH3 

(54) 

It might be considered surprising that [5,5] shifts in these reactions are preferred over [3,3] 

shifts, since reactions proceeding via transition states resembling six-membered rings should have 

more favorable entropies of activation than similar reactions proceeding via 10-membered transi¬ 

tion states. However, there are other examples of competing sigmatropic shifts in which the reac¬ 

tions of highest order are preferred, and it has been suggested that this preference represents a 

general phenomenon.64 (Instances of [1,7] hydrogen shifts being favored over [1,5] hydrogen 

shifts were pointed out on page 99.) Possibly, transition states for pericyclic reactions involving 

large numbers of participating electrons have higher “resonance energies” than transition states for 
similar reactions involving smaller numbers of delocalized electrons. 
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4.3 SIGMATROPIC REARRANGEMENTS OF CHARGED SYSTEMS 

109 

Acid Catalysis 

It was long believed that the rates of Claisen and Cope rearrangements were relatively insensitive 

to acid and base catalysts.55 However, it is now known that the addition of Lewis acid catalysts, 

such as boron trichloride, lowers the temperatures necessary for Claisen rearrangements of allyl 

phenyl ethers from about 200°C to below normal room temperatures (Eq. 55).65 

Cope rearrangements of cyclohexadienones, such as that shown in Eq. 56, take place rapidly 

at room temperature when catalyzed by 0.01 M hydrochloric acid solutions.58 [1,5] shifts of benzyl 

groups in cyclohexadienones (Eq. 57), which require temperatures above 150°C in the absence of 

catalysis, proceed at room temperature when catalyzed by solutions of sulfuric acid in acetic acid.66 

(Some sigmatropic shifts are accelerated by positive charges even in the absence of acid catalysis. 

Solvolysis of mesylate 35, for instance, yields 37, presumably by way of an “aza-Cope” rearrange¬ 

ment of 36. However, the rearrangement is so rapid at room temperature that the formation of 36 

cannot be detected.)67 

35 36 37 
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Catalysis by Bases 

The rates of sigmatropic shifts can be accelerated by negative as well as positive charges. The 

“oxy-Cope rearrangements”1 of the potassium salts of 3-hydroxy-1,5-hexadienes, such as 38 and 

39, have been found to proceed as much as 1012 times as rapidly as the rearrangements of the par¬ 

ent alcohols! The temperatures needed for the reactions decreased by as much as 250°C.68,69 

H3C 

0° K® a 0 K © 

H3C' (59) 

38 

Conversion of alcohols to their anions should significantly reduce the bond strengths of 

adjoining diallylic bonds. A study of secondary isotope effects indicates that bond breaking pro¬ 

ceeds to a greater extent, and bond making to a lesser extent, in the transition states for “anionic 

oxy-Cope rearrangements” than for Cope rearrangements of neutral molecules.69 (As shown on 

page 90, [1,3] migrations are also accelerated by negative charges. The synthetic usefulness of 

the anionic oxy-Cope rearrangement is often reduced because [1,3] shifts may accompany the 
[3,3] shifts.70) 

[5,5] shifts can also proceed very rapidly in negatively charged compounds, as is demon¬ 

strated by the fact that the rearrangement of anion 40 is complete in one hour at room temperature. 

(It has been proven that the rearrangement does not proceed by a sequence of consecutive [3,3] 
shifts.71) 

40 

Benzidine Rearrangements 

The fact that Claisen and Cope rearrangements can be catalyzed by acids is a relatively recent dis¬ 

covery. In contrast, some types of sigmatropic shifts were originally reported to occur solely as 

acid-catalyzed processes. The best known of these is the complex of rearrangements collectively 
designated benzidine rearrangements.72 
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Rearrangement products. Hydrazobenzene (1,2-diphenylhydrazine) reacts with min¬ 

eral acids to yield salts of “benzidine” (4,4'-diaminobiphenyl) and “diphenyline” (2,4'-diamino- 

biphenyl) in approximately 70:30 ratios. Under some conditions, small amounts of ortho-benzi¬ 
dine are also formed. 

/ V" _SV \ « ■N—N- 

hydrazobenzene 

2so4 
nh2 + 

benzidine 

NH, 

+ 

(62) 

Ortho-benzidines are major products from rearrangements of hydrazonaphthalenes (Eq. 63). 

2,2'-hydrazonaphthalene 

(63) 

When substituents on at least one para position of a hydrazobenzene prevent the forma¬ 

tion of benzidines, derivatives of diphenylamine (“ortho- and para-semidines”) may be formed 

(Eq. 64).72 

an ortho-semidine a para-semidine 

Intramolecularity and kinetics of benzidine rearrangements. Rearrangements 

of mixtures of two hydrazobenzenes, both rearranging at similar rates, do not result in the forma- 
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tion of benzidines or semidines combining aromatic rings from different starting molecules. 

(Studies employing radioactively labeled substrates would have detected very small amounts of 

products of intermolecular reactions.) Furthermore, the rearrangements of many hydrazobenzenes 

with two differently substituted aromatic rings have been studied; no “crossover products” com¬ 

bining rings from different molecules have ever been detected. Thus, it appears to be well estab¬ 

lished that ortho- and para-benzidines72 and ortho- and para-semidines,73 at least, are formed 

entirely by intramolecular processes. 
The rearrangement rates of hydrazobenzene and of other comparatively slow-reacting 

hydrazines follow third-order kinetics — first order in the concentration of the amines and sec¬ 

ond order in the concentration of acids. Presumably charge repulsion resulting from the proto¬ 

nation of both nitrogen atoms, as in Eq. 65, weakens the nitrogen-nitrogen bond and facilitates 

rearrangement. 

CM-H3 “• O-H-O 
1 (65) 

H ,N — 

-1 = /t[HB][HX]2 (HB = hydrazobenzene) 

The rearrangement rates of very reactive diarylhydrazines, such as hydrazonaphthalenes, 

are first order in acid (Eq. 66). 

H H 

-d[HN] 
-—- = fc[HN][HX] (HN = hydrazonaphthalene) 

With diarylhydrazines of intermediate reactivity, such as ort/io-hydrazotoluene, the reaction rates 

appear to be principally first order in acid if the reactions are carried out in dilute acid solutions, 

and principally second order in acid if more concentrated acid solutions are used. 

The most reactive diarylhydrazines, such as 2,2'-hydrazonaphthalene, can undergo benzi¬ 

dine rearrangements in the absence of acid catalysts at approximately 100°C. Even these “thermal” 
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rearrangements, however, proceed much more rapidly in alcohols than in hydrocarbon or ether 

solvents, suggesting that hydrogen bonding can catalyze the rearrangements.72 

Mechanisms of benzidine rearrangements. Few reactions have puzzled organic 

chemists for a longer period than benzidine rearrangements. How can so many different types of 

products, many resulting from combining atoms that were widely separated in the starting mat¬ 
erials, be formed in intramolecular processes? 

M.J.S. Dewar suggested that the reactions proceed by way of tt complexes of the two rings. 

(Hypothetical complexes from a diprotonated hydrazobenzene are shown in Eq. 67.) 

(67) 

Rotation of the rings within the complex could, Dewar suggested, bring any position of one ring 

into proximity to each atom of the other ring so that the formation of any of the observed products 

would be geometrically feasible.74 

Banthorpe, Hughes, and Ingold proposed that ortho- and para-benzidines, at least, were 

formed via “polar transition states.”75 The name is not very informative, since all transition states for 

the reactions of cations and dications must be polar. Presumably, it was intended to stress the absence 

of intermediates—that is, that the rearrangements proceed by what we would now call concerted 

mechanisms. It was assumed that products such as para-semidines, whose formation via concerted 

reactions was geometrically improbable, were produced by other, unspecified, mechanisms. 

Studies of heavy atom isotope effects have provided important evidence in regard to the 

mechanisms of the various members of the benzidine rearrangement complex. Substitution of 15N 

for 14N was found to decrease slightly the rates of all rearrangements of hydrazobenzenes. This 

fact demonstrated that rupture of the nitrogen-nitrogen bond takes place during the rate-deter¬ 

mining step of each rearrangement.76-79 

In addition, the reactions of hydrazobenzene were compared with those of hydrazobenzene 

labeled with 14C at both para positions. The unlabeled molecule was found to rearrange to form 

benzidine 1.0209 times as rapidly as the isotopically labeled compound. The occurrence of a 

detectable isotope effect demonstrated that bond formation at the para positions was taking place 

during the rate-determining step. The combined isotope-effect studies provided strong evidence 

that benzidine is formed from hydrazobenzene by a concerted mechanism.76 

In contrast, the 14C isotope effect for formation of diphenyline was 1.000. It is true that the 

lack of a measurable isotope effect cannot conclusively prove that bond formation does not occur 

during the rate-determining step. However, the very small isotope effect for formation of dipheny¬ 

line compared with that for formation of benzidine is most consistent with a nonconcerted mech¬ 

anism for diphenyline formation in which rupture of the nitrogen-nitrogen bond precedes forma¬ 

tion of the carbon-carbon bond.76 
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Similar studies demonstrated that the orf/m-benzidine rearrangement of 2,2'-hydrazonaph- 

thalene77 and the przra-semidine rearrangement of 4-methoxyhydrazobenzene (Eq. 68)78 proceed 

by concerted mechanisms.* 

On the other hand, the ortho-semidine rearrangement of 4,4'-dichlorohydrazobenzene does not 

show a 14C isotope effect and is presumably not concerted.79 

These results appear to be a triumph for the Woodward-Hoffmann rules. The para-benzi- 

dine, ortho-benzidine, andpara-semidine rearrangements—allowed [5,5], [3,3], and [1,5] shifts, 

respectively—proceed by concerted paths, while the diphenyline and ort/io-semidine rearrange¬ 

ments— forbidden [3,5] and [1,3] shifts—apparently do not. 

After more than 100 years of study of benzidine rearrangements, many questions remain 

unanswered. The apparently concerted nature of the para-semidine rearrangement, in particular, is 

surprising. Does the formation of the transition state require a gross distortion of an aromatic ring 

in order to bring the nitrogen atom and the para carbon into close proximity? The mechanisms for 

formation of orf/to-semidines and diphenylines are also still obscure. Are it complexes involved in 

these reactions, or are other types of intermediates still waiting to be identified? 

A possible distorted transition state 
for a para-semidine rearrangement 

Quinamine Rearrangements 

The halogenation of 2,4,6-trisubstituted phenols yields halocyclohexadienone derivatives, such 

as 41. Reactions of these compounds with aromatic amines yield para-quinamines, such as 42.79 

^However, the p-semidine rearrangement of 4,4'-dichlorohydrazobenzene, which requires reductive displacement 
of a chlorine atom, does not exhibit a 14C isotope effect.79 
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Para-quinamines have been found to rearrange rapidly in even very dilute solutions of acids. 

When para positions of the aniline rings are unsubstituted, the principal products are diaryl ethers, 

such as 43.80’81 These remarkable rearrangements have been shown to proceed by intramolecular 
mechanisms.81 

A second type of rearrangement of para-quinamines results in the reductive displacement of 

halogen atoms to form biphenyl derivatives, such as 45. (Biphenyl derivatives are the principal 

products from para-quinamines formed from para-methylaniline.82) Carbazole derivatives, such 

as 46, may also be formed.83 ort/jo-cyclohexadienones such as 44 are presumably intermediates in 

the formation of both biphenyls and carbazoles. 

46 



116 Chapter 4 Sigmatropic Reactions 

The effects of heavy atom isotopes on rates of rearrangements of para-quinamines have 

been measured. These studies83 have demonstrated that the rearrangement steps leading to both 

diphenyl ethers and carbazoles (and, presumably, to diphenyl derivatives) are concerted processes, 

proceeding by [5,5] and [3,3] shifts, respectively.* 
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PROBLEMS 

1. Demonstrate by means of the frontier orbital approach that suprafacial [3,5] shifts are forbidden under 

thermal conditions and allowed under photochemical conditions, and that the opposite is true for 
antarafacial [3,5] shifts. 

2. a) Indicate the order of each of the sigmatropic shifts shown in the equations below, b) Indicate which of 

the reactions are theoretically allowed as concerted processes, and which are theoretically forbidden. 

O 

A H 
(e) h2c = ch—o—CH—CH^CH—CH=CH2 HC—CH2CH—ch=ch—ch=ch2 

3. Draw structures for the expected products from each of the following reactions. 
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CH3 

/CH—CH=CH, 
O 

CD2 

(W. von E. Doering and C.A. Troise, J. Am. Chem. Soc., 107, 5739 [1985]) 

(S.A. Barrack and W.H. Okamura, J. Org. Chem., 51, 3201 [1986]) 

(f) H 

D 

D 

H 

A 

4. Write reasonable mechanisms for the following reactions, using curved arrows to show movements of 

electrons. 
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OH 

H,C—C' 
(e) | 

,C=CH 

H,C — Cv 
| C=CH 

OH 

O O 

H3CC—CH=CH— ch=ch— cch3 

(H. Hopf. et al„ Ber., 127, 959 [1994]) 

(f) 
O 

H II 
„N—CC9H5 

(C6H5)3PC12 

N 

co2ch3 

(g) (CH3)2N—ch7ch—chch3 + 

co2ch3 

(E. Vedejs and M. Gingras, J. Am. Chem. Soc., 116, 5 [1994]) 

(CH3)2N )—CH3 

h3co2c co.ch 2V113 

(J. Knabe and H.-D. Hoeltje, Tetrahedron Lett., 2107 [1969]) 

(P. Schiess and R. Dinkel, Tetrahedron Lett., 2503 [1975]) 



Chapter 5 

Linear Free-Energy 

Relationships 

5.1 THE HAMMETT EQUATION 

The Substituent Constant, <r 

Chapters 1 through 4 deal principally with reactions carried out under thermal conditions. The 

remaining chapters deal in large part with polar reactions. Those reactions are strongly affected by 

substituents on organic molecules. This is therefore a good time to examine the effects of different 

substituents on the equilibrium constants and rates of reactions of organic molecules and ions. 

In 1937 Louis P. Hammett at Columbia University suggested that the effects of meta and 

para substituents on the ionization constants of benzoic acids could be general predictors of the 

electronic influences of substituents in a variety of reactions.1 

There are several good reasons to choose the ionizations of meta- and para-substituted ben¬ 

zoic acids as reference reactions. A large number of substituted benzoic acids are readily available, 

and their ionization constants are easily determined. In addition, substituents on aromatic rings 

are held at fixed distances from the points of reaction, which might not be the case with more flex¬ 
ible aliphatic molecules. 

Hammett specifically excluded ortho substituents from his studies, since they might influ¬ 

ence reactions by steric inhibition of access to the reaction center, or by steric inhibition of reso¬ 

nance, or by hydrogen bonding effects, or even by direct participation in the reactions. 

Hammett defined a substituent constant, cr (sigma), as the logarithm of the ratio of the ion¬ 

ization constant of a substituted benzoic acid to that of benzoic acid itself in water solution at 25°C 
(Eq.Al): 

(Al) o- = log A 
A// 

122 
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where K is the acidity constant for a substituted benzoic acid and KH the acidity constant for ben¬ 
zoic acid. Equation A1 is equivalent to 

(A2) cr = log K — log Kh 

and 

(A3) a = pKaH - pKa 

Since acidity constants for meta- and para-substituted benzoic acids differ from each other, 
each substituent has two sigma constants: a , and a 

° meta para 

By 1991 values of cr constants had been determined for more than 530 substituent groups.2 

Table 5.1 (page 124) lists values of <Jmeta and orpara for a number of substituents. Even a casual 

examination of these values indicates that they represent a measure of the electron-donating and 

electron-attracting powers of the substituents. Strongly electron-attracting groups, such as the 

N = N ®, N02, and CF3 groups, have large positive a values—that is, they markedly increase the 

ionization constants of benzoic acids (by stabilizing the negative charges in the benzoate anions). 

Strongly electron-donating groups, such as NH9 and OH groups, have large negative values: they 

decrease the ionization constants of benzoic acids, since the negative charges they contribute to the 

rings would repel the negative charges in benzoate anions. Hydrogen, of course, has a cr value of 
0 (the logarithm of 1). 

It is particularly interesting to compare the effects of the same substituents in meta and para 

positions. For some substituents, such as the NH2 group, the absolute value of <Jpara is much larger 

than that of <Jmeta- That is because the electron-donating ability of the amino group is largely due 

to resonance effects. An amino group in the para position can directly distribute electrons into 

the carboxyl group of benzoic acid, thus making it more difficult for the carboxyl group to become 

a negatively charged carboxylate anion. (Another way to phrase the same idea is to say that con¬ 

version of the carboxyl group to its anion would reduce the resonance interaction of the para- 

amino and carboxyl groups.) In contrast, there is no direct interaction between a meta-amino group 

and the carboxyl group of benzoic acid. 

Resonance structures for p-aminobenzoic acid 

Most substituents do have somewhat larger effects in para positions than in meta positions, 

even when there is apparently no direct resonance interaction between the substituent and the car¬ 

boxyl group. Inspecting polarized resonance forms of the benzene rings will show that almost all 

substituents tend to induce positive or negative charges in para (and ortho) positions of aromatic 

rings and have smaller effects on meta positions. 

Polarized resonance structures for aromatic rings 
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TABLE 5.1 SOME HAMMETT SUBSTITUENTS CONSTANTS 

Substituent a para ct meta a+* a * 

©
 Z
 

III z
 1.91 1.76 — 3.43 

(CH3)3N@ 0.82 0.88 0.41 0.77 

no2 0.78 0.71 0.79 1.27 

C=N 0.66 0.56 0.66 1.00 

cf3 0.54 0.43 0.61 0.65 

co2h 0.45 0.37 0.42 0.77 

o
 

II u
 0.42 0.35 0.73 1.03 

Cl 0.23 0.39 0.15 0.25 

Br 0.23 0.37 0.11 0.19 

n
 III n
 

EC
 

0.23 0.21 0.18 0.53 

I 0.18 0.35 0.14 0.27 

CH2C1 0.12 0.11 -0.01 — 

F 0.06 0.34 -0.07 -0.03 

OCH,F 0.02 0.20 — — 

CH=CHCH3 (trans) 0.09 0.02 — — 

ch3 -0.17 -0.07 -0.31 -0.17 

OH -0.37 0.12 -0.92 -0.37 

NH, -0.66 -0.16 -1.30 -0.15 

S0 -1.21 -0.36 _ _ 

o0 (—0.8 l)t -0.47 — — 

* applicable to para substituents 

t doubtful value 

Source-. H. H. Jaffe, Chem. Rev., 53, 191 (1953). 

For a few substituents, such as the OH and OCH3 groups, vmeta and vpara have opposite 

signs. That is because electronic effects of substituents are due to at least two different factors: 

inductive (electronegativity) effects and resonance effects. In alkoxy and hydroxy groups, the two 

types of electronic effects work in opposite directions. The very electronegative oxygen atom has 

a large electron-attracting inductive effect, which shows up in the values of <j/neta for the hydroxy 

and alkoxy groups. However, the oxygen atom also has a strong electron-donating resonance 

effect, which overpowers the inductive effect when the substituent is in the para position. Thus, the 

Vpara constants for alkoxy and hydroxy groups have large negative values. 

Halogen atoms also have conflicting inductive and resonance effects. However, halogen 

atoms are poorer electron donors than oxygen atoms because double bonds to halogens (aside 

from fluorine) are weak. Thus, a constants for halogens always have positive signs, but the values 
are larger for halogens in meta positions than in para positions. 

The or values for substituents in polysubstituted aromatic molecules are approximately addi¬ 

tive. ■ Thus, the ionization constant for 3-methyl-5-nitrobenzoic acid, for instance, can be esti- 

*However, steric inhibition of resonance may, in some cases, result in poor additivity of a values for substituents 
on adjacent carbons. 
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mated from knowledge of the ionization constant of benzoic acid and of the values of crme[a for 

nitro and methyl groups. 

The Reaction Constant, p 

Hammett diagrams, cr constants have been shown to be appropriate measures of the 

electronic effects of substituents in many reactions of aromatic molecules.3-6 This can be demon¬ 

strated by Hammett diagrams. In a Hammett diagram, the abscissa (the x-axis) is a scale of cr val¬ 

ues for substituents on aromatic rings. The ordinate (the y-axis) is a scale of the logarithms of the 

ratios of equilibrium (or rate) constants for reactions of substituted aromatic compounds to those 

of similar compounds in which the “substituent” is a hydrogen atom. 

For example. Figure 5.1 shows a Hammett plot for the ionization constants of phenylacetic 

acids.7 The points fit a straight line, which can be reasonably represented* by the Hammett equa¬ 

tion (Eq. B1 or B2). 

(Bl) log = Pc 
kh 

(B2) log K - log Kh = per 

FIGURE 5.1 A Hammett plot for the dissociation constants of phenylacetic acids. 

*Even aside from some inevitable scattering of points, the fit of empirical data to the Hammett equation is rarely 

exact, in part because the Hammett equation includes no term for an x- or y-intercept, on the assumption that the line will 

pass through the intercept. In practice, this assumption usually fits the facts quite well, but not perfectly. 
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As we shall see, the Hammett equation has a wide variety of uses. For instance, if the equi¬ 

librium constants for several examples of a particular reaction of aromatic molecules are known, 

so that the proportionality constant, p (rho), can be determined, the Hammett equation can be used 

to estimate the equilibrium constants with different ring substituents with known a constants.3 

The significance of p values. The slope of the line in a Hammett diagram, p, is called the 

reaction constant. The numerical values and signs of p differ from reaction to reaction and show 

how each reaction is affected by the nature of substituents on the aromatic rings. The value of p for the 

ionization of phenylacetic acids in water at 25 °C, for instance, is only about half as large as the value 

of p for the ionization of benzoic acids (which, from the definition of cr, would be exactly 1.00). That 

is a reasonable result, since the substituents in phenylacetic acids are further from the carboxyl group. 

The value of p for ionizations of 3-phenylpropanoic acids is smaller still (see Table 5.2).7 

A reaction with a positive p value is assisted by electron-attracting substituents and 

adversely affected by electron-donating substituents. The reverse is true for reactions with negative 

p values. Hammett plots for the ionization of carboxylic acids, for instance, all have positive val¬ 

ues of p even though the numerical values differ from acid to acid. In contrast, plots of the basic¬ 
ities of carboxylate anions would have negative p values. 

The Hammett equation as a linear free-energy relationship. Free-energy 

changes (AG) resulting from chemical reactions are proportional to the logarithms of the equilib¬ 
rium constants of the reactions. 

(Cl) AG = - RT In K= - 2.303 RT log K 

or 

(C2) log K = 
AG 

- 2.303 RT 

Inserting Eq. C2 into Eq. B2 yields 

(C3) pcr 
AG 

(-2.303 R T) (-2.303/? 7) 

For two reactions run at the same temperature, 

(C4) po- = AAGh - AAG 

where A (= 1/ -2.303RT) is a constant. Since Eq. C4 is a first-order linear equation, the 

Hammett equation describes linear relationships between the electronic effects of substituents on 
some chemical reactions and free-energy changes in those reactions. 

Just as free-energy changes of reactions are proportional to logarithms of equilibrium con¬ 

stants, free energies of activation (AG*) are proportional to logarithms of rate constants (Eq. D). 

(D) AG* = - 2.303RT log —~k 
S CBT 

(Where h = Planck’s constant and B 

= Boltzmann's constant.) 

Thus, the slightly modified version of the Hammett equation shown in Eq. E, 

(E) 
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TABLE 5.2 SOME HAMMETT REACTION CONSTANTS (p) 

Reaction Solvent T(°C) P Ref. 

A. For ionization constants 

0 O 
II II 

ArCH2COH ArCH,CO“ + H+ H,0 25 0.562 a 

O 0 
II II 

ArCH2CH,COH ArCH2CH,CO_ + H+ H,0 25 0.237 a 

B. For rate constants 

0 0 
II II 

ArCOC2H5 + NaOH -* ArCONa + C2H5OH 85% C2H5OH 25 2.562 a 

O O 0 
II H+ II II 

ArCOC2H, + H20 ArCOH + c2h,oh 60% CH,CCH3 100 0.106 b 

60% C2H5OH 100 0.144 b 

Ar2CHCHCl2 + NaOH -* Ar2C= CHC1 92.5% C2H5OH 20 2.456 b 

0 0 
II H+ II 

ArCOH + CHjOH ArCOCH3 + h2o CHjOH 25 -0.577 a 

Ar2CH2OTs + H20 —- Ar2CH2OH + HOTs 92.5% C2H5OH 25 -2.2 b 

0 
II 

ArH + Cl2 -*■ ArCl 4- HC1 CH3COH 25 — 8.06c d 

a P. R. Wells, Chem. Rev., 63, 171 (1963) 

b H. H. Jaffe, Chem. Rev., 53, 191 (1953) 

c Values of cr+ used. 

d H. C. Brown and Y. Okamoto, J. Am. Chem. Soc., 80, 4979 (1958) 

where k is the rate constant for the reaction of a meta- or para-substituted benzene derivative, can 

be applied to rates of reactions rather than equilibrium constants. 

Of course, free-energy changes may result from changes of enthalpies of entropies, or both. 

(F) AG = AH - TAS and AG* = AH* - TAS* 

It was initially believed that the electronic effects of substituents principally affected 

enthalpy changes and that the Hammett equation gave linear plots because entropy changes (or 

changes in entropies of activation) caused by substituents were either small or paralleled enthalpy 

changes. It has since been demonstrated, however, that the actual facts are more complicated. In 

some cases, substituents exert their influence principally through entropy effects, and in others 

both entropies and enthalpies are affected in ways that seem difficult to predict.6 

Reaction mechanisms and the Hammett equation. The fact that the Hammett 

equation can be applied to reaction rates means that it can offer important information about the 

mechanisms of chemical reactions. The signs and magnitudes of the reaction constants, p, can be 

of particular significance. 
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For instance, consider the hydrolysis of benzoyl chlorides in water (Eq. 1). 

Several possible mechanisms can be proposed for this type of reaction. Among the possi¬ 

bilities are (1) that water molecules might add to the carbonyl groups to form tetrahedral interme¬ 

diates in slow, rate-limiting steps, followed by the rapid elimination of chloride ions (or hydrogen 

chloride) (Eq. 3a) 

and (2) the the carbon-chlorine bonds might dissociate in slow, rate-limiting steps, followed by the 
rapid reaction of water with the resulting carbocations (Eq. 3b). 

The dissociation of benzoyl halides to form carbocations would be strongly assisted by elec¬ 

tron-donating substituents. On the other hand, the addition of water to the carboxyl groups should 

be fastest in benzoyl chlorides with electron-withdrawing substituents. Thus, the fact that a 

Hammett plot for the rates of aqueous hydrolysis of benzoyl chlorides has a positive value of p is 
consistent with mechanism (1) and eliminates mechanism (2). 

ct+ and o- Constants 

As we have seen, a constants for substituents on aromatic rings are a measure of their “electronic 

effects” on reaction rates and equilibria. However, the electronic effect of a substituent is a com- 
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bination of inductive and resonance effects. The fact that so many reactions of aromatic mole¬ 

cules are correlated by the Hammett equation suggests that the relative importance of inductive and 

resonance effects is similar in all those reactions. However, in some reactions strongly electron- 

donating groups in para positions accelerate the reaction rates far more than would be predicted 

from their a values. Examples of such reactions include SNl reactions of tert-cumyl chlorides 

(Eq. 4) and electrophilic substitution reactions of aromatic rings (Eq. 5). 

In those reactions direct conjugation may exist between the para substituents and empty (or par¬ 

tially empty) orbitals in the transition states. Modifiedpara-substituent constants, ct+, whose val¬ 

ues were derived from the substitution reactions of tert-cumyl chloride in 90 percent aqueous ace¬ 

tone (Eq. 4),8 are often useful for reactions of this type. 
If the use of ct+ values in a Hammett plot for the rates of a reaction gives a better fit to a 

straight line than the use of a values, it provides strong evidence that a direct resonance interaction 

exists between a partially empty orbital and para substituents in the transition states for the reaction. 

In fact, most reactions that correlate well with cr+ proceed by way of carbocation intermediates. 

There are other reactions in which negative charges can be directly stabilized by resonance 

with para substituents. For these reactions, a modified substituent constant, ct“, defined as log K/KH 

for the acid-base reactions of para-substituted phenols or anilinium salts in water (Eqs. 6 and 7), 

often provides better plots than standard a values.3 

X OH + NaOH 
(6) 
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+ NaOH NH2 + h2o + NaCl 
(7) 

Curved Hammett Plots 

For a number of reactions, Hammett plots yield curved lines even though points for both meta and para 

substituents fit onto the same line. Frequently, a curved Hammett plot indicates that the reaction has 

undergone a change in mechanism as the electronic effects of the substituents changed. The observed 

curve can be interpreted as resulting from the intersection of two straight-line Hammett plots. 

The deviation of Hammett plots from linearity may be so small that it is difficult to be sure 

the curvatures are real. However, in some cases there may be quite sharp breaks in the plots. For 

instance, Figure 5.2 shows a Hammett plot for the rates of formation of imines from aromatic 

aldehydes and ammonia.9 While the sequence of reaction steps (shown in Eq. 8) is the same 

throughout the range of substituents, addition of ammonia to the aldehydes is rate-limiting when 

the substituents are electron-donating, and dehydration of the addition product is rate-limiting 
when the substituents are electron-attracting.9 

(T 

FIGURE 5.2 The reaction of aromatic aldehydes with ammonia. 
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Other Applications 

Acrylic acids. The Hammett equation provides an excellent correlation between crpara 

values for substituents at C3 of rrans-substituted acrylic acids (1) and the pKa’s of the acids. 

X H 
\ / 
c=c 
/ \ 

H C02H 

1 

Since substituents at C3 of acrylic acids are closer to the carboxyl groups than substituents in ben¬ 

zoic acids, a comparatively large p value, +2.23, was observed.10 
Biological systems. There has been a great deal of interest in using the Hammett equa¬ 

tion and other linear free-energy relationships to interpret and predict biological effects of organic 

molecules. In particular, correlations between free-energy relationships and the effectiveness of 

synthetic drugs have been eagerly sought. 
It should be no surprise that the rates of reactions between a wide variety of enzymes and 

meta- and para-substituted aromatic molecules, as well as the overall effects of those molecules on 

living organisms, are closely correlated by the Hammett equation.11,12 This is simply an illustration 

that chemical reactions in biological systems are governed by the same mechanistic principles as 

in nonbiological systems. 

SEPARATION OF POLAR, RESONANCE, AND STERIC EFFECTS 

Aliphatic Systems with Fixed Geometries 

Several groups have attempted to use variations on the Hammett theme to separate the inductive 

and resonance effects combined in Hammett a constants. Roberts and Moreland measured the 

pKas of 4-substituted bicyclo[2.2.2]octane-l-carboxylic acids (2). 

It was assumed that the distance of the substituents from the carboxyl groups and the rigidity of 

these systems would eliminate problems with steric effects, and that the absence of double bonds 

would eliminate resonance effects. Therefore, values of <r' in Eq. G were considered to represent 

solely the “inductive effects”* of the substituents.13 

*Roberts and Moreland13 defined electrostatic influences operating “through bonds” as inductive effects and 

defined electrostatic influences operating “through space” as field effects. The term inductive effects as used here includes 

both types of electrostatic influences. 
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(G) log ~ = pV 

Values of a' are listed in Table 5.3. (To obtain these values, p' was set equal to 1.464, the 

value of p for ionization of benzoic acids in the 50 percent aqueous ethanol solvent used to mea¬ 

sure pKa's of 2.) Values of vmeta are included in the table for comparison. 

The values of o' are not very different from those of vmeta for the bromine atom and the 

carbethoxy and cyano groups. However, the hydroxy group is a much more powerful electron- 

withdrawing group in the aliphatic system, in which its inductive effect is not partially offset by its 
resonance effect, than when it is bonded to an aromatic ring. 

trans-4-substituted cyclohexanecarboxylic acids (3) exist largely in chair conformations, 

with both large groups in equatorial positions. Thus, although they are not quite as rigid as 2, their 

pKas, as well as the rates of saponification of their esters, give good correlations with Eq. H.14 

(H) log — = p"cr" or log — = p "cr" 
kh kH 

Values of cr" for reactions of 3 (listed in the last column in Table 5.3) parallel values of cr' for reac¬ 

tions of 2 reasonably well. However, cr" values are somewhat smaller, since substituents at C4 in 

chair conformations of cyclohexanes are farther from Cl than are substituents in the boat confor¬ 
mation required for cyclohexane rings in 2. 

The Taft Equation 

R.W. Taft analyzed the effects of substituents on the rates of reactions of a series of esters, XC02/?. 

If/? is held constant, the rates of reactions of the esters would depend on the inductive, resonance, 

and steric effects of group X Furthermore, if a saturated carbon in X were bonded to the carboxyl 

group, there could be no direct resonance interaction between X and the carboxyl group. Thus, 

appiying an earlier suggestion by Ingold, Taft suggested that rates of basic hydrolysis of the esters 

could be defined by Eq. I, in which ct* and Es are constants reflecting the inductive effects and 
steric effects, respectively, of X. 

(I) log 
in base 

p*a* + E 

A value of 2.48 was assigned to p* to bring values of a* onto a scale comparable to those of 
Hammett ct values. 

To obtain values of Es, Taft took advantage of the fact that the rates of acid hydrolysis of aro¬ 

matic esters are not strongly influenced by the polar effects of substituents. That can be demon¬ 

strated by the very small values of p for those reactions (see Table 5.2). Thus, if changes in X 

strongly affect the rates of acid-catalyzed hydrolyses of ester, the changes are presumably due 
largely to steric effects. Therefore, Es can be defined by Eq. J. 

(J) log 
k 

L^f/J 
= E. 

in acid 

Clearly, some very broad assumptions are made in defining Es as a steric constant. However, 

an examination of Es values listed in Table 5.4 shows that they do appear to reflect the sizes of the 
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various groups and have proved useful for that purpose.16 Similarly, values of cr* have proved to 

be useful measures of inductive effects.16* 

TABLE 5.3 SUBSTITUENT CONSTANTS FOR ALIPHATIC ACIDS 
WITH RIGID GEOMETRIES 

Substituent ^ mete) cr'* cr"4 

H (0.000) 0.000 0.000 

OH (0.120) 0.283 0.227 

coc2h5 (0.398) 0.297 0.244 

Cl (0.390) — 0.335 

Br (0.370) 0.454 — 

CN (0.560) 0.579 0.440 

*for reactions of acids with structure 2.13 

hfor reactions of acids with structure 3.14 

TABLE 5.4 SOME TAFT STERIC AND POLAR CONSTANTS 

Substituent (X) Es a* 

H 1.240 0.490 

ch3 0.000 0.000 

c2h5 -0.007 -0.100 

ch3ch?ch2 -0.360 -0.115 

(CH3)2CH -0.470 -0.190 

(CH3)3C -1.540 -0.300 

fch2 -0.240 1.100 

BrCH2 -0.270 1.000 

C1CH-, -0.240 1.050 

ich2 -0.370 0.600 

ci2ch -1.540 1.940 

f3c -1.160 — 

C13C -2.060 2.650 

Source: R.W. Taft, Jr., in Steric Effects in Organic Chemistry, M.S. Newman, 

ed., John Wiley, New York (1956) and J. Shorter, in Advances in Linear Free 

Energy Relationships, N.B. Chapman and J. Shorter, eds., Plenum Press, 

New York, (1972). 

*More complete lists of a* and Es values include substituents that may have resonance interactions with carboxyl 

groups. For such substituents, a* and Es are not accurate predictors of inductive and steric effects. 
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PROBLEMS 

1. Calculate the relative rates of saponification of ethyl benzoate and ethyl-3,4-dichlorobenzoate by sodium 
hydroxide in 85 percent ethanol at 25°C. 

2. Indicate whether Hammett plots for rates of each of the following reactions should have positive or neg¬ 

ative slopes. Decide whether the best fit to straight lines would be obtained by using values of a, a+, or 
cr . Explain your reasoning in each case. 

OH 

ArC—C=N 

O 
II 

(a) ArCH + HCN 
OH 

H 

© 
+ ©, (b) ArN(CH3)3 

(c) Ar3COH + HC1 

OCHo 

Ar3CCl 

ArN(CH3)2 

+ 

ch3och3 

h2o 

3. A Hammett plot for rates of the reactions of meta- and para-substituted benzoic acids with diphenyldi- 

azomethane in methanol solution had a p value of 0.844. (A. Buckley et al., J. Chem. Soc. (B), 631 [1968]) 

9 O 
II \ © © || 

C=N=N: -» ArCOH + ArCOCH(<j>)2 + N2 
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When the same reaction was carried out in toluene solution, the value of p was 2.20 (C.K. Hancock and 

E. Foldvary, J. Org. Chem., 30, 1180 [1965]). Write mechanisms for the reaction that are consistent with 

the signs of p, and explain the dependence of the values of p on the nature of the solvents. 

4. Suggest a reasonable mechanism for the hydrolysis of a carboxylic ester in dilute acid, and explain how 

that mechanism might account for the very small value of p for the reaction. 



Chapter 6 

Migrations to 

Electron-Deficient Centers 

6.1 MIGRATIONS TO ELECTRON-DEFICIENT CARBONS 

Wagner-Meerwein Rearrangements 

1,2-shifts of migrating groups to empty orbitals in carbocations,* or toward partially empty orbitals 

in developing carbocations, are the most common rearrangements of organic molecules. (The move¬ 

ments of electrons in molecular rearrangements are sometimes represented by “looped” curved 

arrows, as shown in Eq. 1, indicating that a substituent moves along with the electron pair. The fact 

that a rearrangement is taking place may also be indicated by placing a loop on the reaction arrow.) 

(1) 

Rearrangement of a carbocation 

Migrations of hydrogen atoms or of alkyl or aryl groups in carbocations are often called 

Wagner-Meerwein rearrangements, in honor of the early terpene chemists who first observed 
and studied the reactions.2 

Eat ly investigators considered the possibility that Wagner-Meerwein rearrangements proceed by 

cleavage of the bonds joining the migrating groups to the remainder of the molecules and then by for¬ 

lorn containing trivalent carbon atoms were originally called carbonium ions. However, in 1972 it was pointed out that 

the suffix -onium is generally used for ions such as ammonium ions, in which all the orbitals of the central atom are filled. It was 

suggested that use of carbonium ions’ be similarly restricted, and the term carbenium ions was invented to refer to trivalent 

carbon-centered ions.1 In order to avoid confusion between carbonium and carbenium ions, textbook authors commonly use th 

more general term carbocations (analogous to carbanions) to refer to any ion containing a positively charged carbon. 

136 



Section 6.1 Migrations to Electron-Deficient Carbons 137 

mation of new bonds at different positions. However, it was found that chiral migrating groups normally 

retain their configurations during Wagner-Meerwein rearrangements, as illustrated in Eq. 2? 

CTECH, 
\ 3/ 3 

C0H,CH — C- 
I 

CH, 

ch2nh2 
HONO 

CH3CH3 
\ 3/ 3 © 

C2H5CH -^CpCH2-^N= N 

CH, 

OH 
I * 

(CH3)2CCH2CHC2H5 

ch3 

98% retention of 
configuration 

+ H © h2o 
(CH3)2CCH2CHC2H5 

CH, 

+ N, 

(2) 

Furthermore, in Wagner-Meerwein migrations of substituents on carbocyclic rings, the substituents 

invariably end up on the face of the ring from which they started, as in Eq. 3.4 

These facts demonstrate that Wagner-Meerwein rearrangements are intramolecular reac¬ 

tions,* with transition states resembling cyclic arrays of three atomic orbitals, each array contain¬ 

ing the two electrons from the migrating bond. (The transition states for Wagner-Meerwein 

rearrangements, in fact, have been described as “comer-protonated cyclopropanes. That descrip¬ 

tion, of course, requires that there be at least one proton on the migrating carbon.) 

*However, without experimental evidence it is often difficult to distinguish between a Wagner-Meerwein shift of 

a hydrogen and a deprotonation-reprotonation sequence: 

H© 
R t R' 
\( / 

—► C=C 
/ \ 

R R' 

R H 
\© s~./ 
c—c 
/ V'R' 

R R' 

H R' 
\ ©/ 
.C—C 

R'7 \ 
R R' 
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R' 
R\l/H C / \ t \ / \ 

© R' 
R\l/H 

c 

_c—C_- 

_^C—cTfs. 

The transition state for a Wagner-Meerwein rearrangement 
(a comer-protonated cyclopropane) 

Since transition states for Wagner-Meerwein rearrangements consist of cyclic arrays of 

orbitals, the Woodward-Hoffmann rules may be applied to the reactions. Wagner-Meerwein 

rearrangements can be classified as sigmatropic shifts of order [1,2]. As two-electron processes, 

Wagner-Meerwein rearrangements should proceed in a suprafacial manner, with retention of the 

configurations of the migrating groups. As we have seen, this is indeed the case. (Of course, any 

other geometry for a concerted [1,2] migration would be extremely unlikely.) 

Rearrangements proceed most easily when the carbocations are converted to more stable 

forms; for instance, when a secondary cation rearranges to form a tertiary cation, as in Eq. 5, or 

when a simple carbocation is converted to a resonance-stabilized cation, as in Eq. 6. 

CH, 
I © 

(CH3)2C — chch3 

CH, 
© 

(CH3)2C — chch3 

/ ^—CH— CHCH3 — / ^ © 
CH—CH2CH3 

(5) 

(6) 

However, it is also very common for secondary cations to rearrange to form other secondary 

cations and for tertiary cations to rearrange to form other tertiary cations (Eqs. 7 and 8). 

H H 

H 
I © 

(C2H5)2C-C(CH3)2 

H 
© I 

(C2H5)2C-C(CH3)2 
(8) 

Wagner-Meerwein rearrangements, like all reactions, must form final products that are ther¬ 

modynamically more stable than the starting materials. Some processes proceeding via Wagner- 

Meerwein rearrangements, however, do appear to require “uphill” steps, in which the carboca¬ 

tions rearrange to less stable isomers. For instance, when cyclohexanol is dissolved in a solution of 

antimony pentachloride in fluorosulfonic acid at — 60°C it is almost instantly converted to the 

1-methylcyclopentyl cation. No trace of the cyclohexyl cation, which is presumably the first cation 

formed, can be detected.5 The most obvious path for this rearrangement would be by initial con¬ 

version of the cyclohexyl cation to a higher-energy primary cation, as shown in Eq. 9. 
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In trying to predict possible products from Wagner-Meerwein rearrangements, therefore, 

it is necessary to consider the possibility that products may arise via “uphill” rearrangement 

steps, including steps that form intermediates that to a first approximation can be described as 

primary carbocations.* 

Degenerate Rearrangements 

In many rearrangements, the products have the same structures as the starting materials. The exis¬ 

tence of these degenerate rearrangements can be detected only by sophisticated techniques. The 

2-propyl cation, for instance, appears to be stable in very strong acid solutions and does not 

undergo any obvious rearrangement. However, NMR studies by Martin Saunders and his co-work¬ 

ers at Yale University have shown that the primary and secondary hydrogens in the 2-propyl cation 

are rapidly interchanged at temperatures as low as — 100°C. This reaction can be made visible by 

deuterium labeling (Eq. 10).6 

© 
d3c—ch—ch3 

© © 
D,CH—CD—CH3 + D2CH—CH—CH2D 

(10) 

© 
+ H2CD—CD—CH2D 

Remarkably, even the carbon atoms of the 2-propyl cation constantly change locations at 

low temperatures! This was proved by labeling the central carbon with ,3C. The NMR spectra of 

the cation show that the isotopically labeled carbon rapidly interchanges positions between Cl 

and C2 (Eq. II).6 

H3C 
13 © 

CH—CH3 
13 © 

h3c—ch—ch3 (11) 

The rearrangement reactions of the 2-propyl cation can be accounted for by the mechanism 

shown in Eq. 12, in which the initial step is a hydrogen migration to convert the 2-propyl cation to 

a 1-propyl cation.* 

13© 
H3c—CH—CH3 

13, © 
H3c—CH—CH2 

13© 
CH —CH—CH3 

(12) 

13 © 
CH —CH—CH3 

*There are, in fact, serious doubts about whether primary carbocations are actually formed as discrete intermedi¬ 
ates. It has been proposed instead that their formation and rearrangement occur simultaneously (see page 140). 
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A Closer Look at "Primary Carbocations" 

Even while a portion of the deuterium and 13C labeled 2-propyl cation remains unrearranged, the 

deuterium atoms of the portion that has rearranged become completely scrambled among the three 

carbons of the cation!6-7 This observation would be difficult to explain by the mechanism of Eq. 

12. It has therefore been proposed that methyl groups and hydrogens migrate simultaneously to 

form corner-protonated cyclopropanes. The rapid scrambling of hydrogens and deuteriums among 

the carbons might then be accounted for by migration of hydrogens from comer to comer around 

the “cyclopropane” ring.6 (Eq. 13). 

h3c^ch—ch2 

H 
© 

CHr-CH, 

\ / y CHj—CH2 

CH2—H c'h2 

-1© 

(13) 

Of course, if hydrogens can migrate in corner-protonated cyclopropanes, the protonated 

cyclopropanes must have more than infinitesimal lifetimes—that is, they must be intermediates 

rather than just transition states. If that is the case, each alkyl group migration must pass through 

several transition states. Molecular orbital calculations8 and experimental evidence9 are consistent 
with this hypothesis. 

6.2 THE NATURE OF THE MIGRATING GROUPS 

Migratory Aptitudes 

There have been frequent attempts to measure the migratory aptitudes of various groups. This 

was done by carrying out rearrangements in which several competing groups could migrate 

and determining the relative yields of products resulting from migrations of the different 
groups. 

Unfortunately, the relative yields of products from migrations of different groups are not 

necessarily related to the “intrinsic” abilities of the groups to migrate. For one thing, the per¬ 

centages of the different products may be determined principally by the effectiveness of the 

nonmigrating groups in stabilizing the product cations. Many reports of apparent migratory 

aptitudes are suspect because they do not take into consideration the stabilities of the product 
cations. 

Geometric factors can also be important in determining the course of Wagner-Meerwein 

rearrangements. It is frequently observed, for instance, that a methyl group at the ring juncture of 

two fused carbocyclic rings will migrate in preference to the migration of a primary or secondary 
alkyl group forming part of one of the rings (Eq. 14).10 
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minor product 
cation 

R 

major product 
cation 

(14) 

However, this does not necessarily demonstrate that methyl groups are intrinsically better 

migrators than other alkyl groups. Instead, the critical consideration appears to be that the methyl 

groups are located in axial positions of six-membered rings. Since the bonds between the methyl 

groups and the rings are nearly coplanar with the empty orbitals of the cations, the methyls are 

almost ideally positioned to migrate. In contrast, bonds to substituents in equatorial positions over¬ 

lap poorly with the empty orbitals. Equatorial substituents are therefore unlikely to migrate unless 

the carbocation ring inverts to form the other, less stable, chair conformation, thus placing the for¬ 

merly equatorial substituents into axial positions. 
Steric factors may also significantly affect the rearrangements of open-chain cations. 

Nonmigrating substituents are forced into “eclipsed” positions in the transition states for Wagner- 

Meerwein rearrangements, as illustrated in the following diagram. Thus, there may be an intrinsic 

advantage for bulky groups to migrate rather than to remain stationary. 

“Eclipsing” of stationary groups in Wagner-Meerwein migrations 

Interpretations of studies of migratory aptitudes must therefore be made with appreciable caution. 

Migration Tendencies 

The intrinsic abilities of different groups to migrate are called their migration tendencies.11 In 

some cases, migration tendencies can be determined by comparing the rates of migration of dif¬ 

ferent groups in reactions with identical stationary groups. In NMR studies of the “phenanthre- 

nium” ions 1 (Eq. 15) and 2 (Eq. 16), for instance, ethyl groups were found to migrate 13 to 55 

times as rapidly as methyl groups.12 

(15) 

1 1 
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(16) 

Kinetic studies of degenerate rearrangements such as those in 1 and 2 are applicable to only 

a limited group of reactions. However, in other reactions it is possible to correct observed “migra¬ 

tory aptitudes” for the electronic and steric effects of stationary groups. Using this approach,11 the 

relative migration tendencies of methyl, ethyl, and tert-butyl groups in pinacol rearrangements 

(see pages 148-149) were found to increase in the ratios of 1 to 17 to 4000, respectively. 

(CH,)3C o ho® C(CH3)3 
AVtt> II I (17) 

HO — C— C(CH3)2 -* H3c— c— C(CH3)2 

h3c 

Preferential migration of a tm-butyl group in a pinacol rearrangement 

The general trend observed in these studies is that migration tendencies of alkyl groups in car- 

bocation rearrangements increase with increasing substitution at the migrating carbon atoms. This is the 

expected result if the migrating groups resemble carbocations in the transition states for the migrations. 

The positive charge of the carbocation is apparently shared by the migrating group as well as by 

the carbons at the migration origin and the migration terminus in the transition state for a Wagner- 
Meerwein rearrangement. 

R 
migrating group 

migration origin 

migration terminus 

The transition states have sometimes been described as hybrids of three resonance forms, 
including a resonance form bearing a positive charge on the migrating group: 

R 
/ © 

C—C 

R 
© \ 
c—c 

R® 

C=C 

Resonance description of the transition state for a Wagner-Meerwein rearrangement 

If the migrating groups in Wagner-Meerwein rearrangements are positively charged, then the 

groups best able to bear such charges should have the highest migration tendencies, as has indeed 
been observed. 

Shifts of hydrogens in carbocations are often described as “hydride ion migrations,” and 

alkyl shifts are sometimes described as alkyl anion migrations, because the bonding electrons 

move along with the migrating groups. While these terms may be reasonable descriptions of the 
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stochiometries of the reactions, they tend to give the unjustified impression that migrating groups 

bear negative charges during carbocation rearrangements. As we have seen, quite the opposite is 
true. 

Hydrogens usually migrate more rapidly than alkyl groups in Wagner-Meerwein rearrange¬ 

ments. However, the migration of a hydrogen will normally result in the formation of a more sub¬ 

stituted carbocation than will the migration of an alkyl group from the same carbon. 

© o 
(CH3)2C—ch2c2h5 <-& 

Hydrogen migration yields 
a tertiary carbocation 

H 
I © 

(CH3)2C—chc2h5 
© 

ch3ch- 

CH, 

-chc2h5 

Methyl migration yields 
a secondary carbocation 

(18) 

NMR studies indicate that when migrations of hydrogens and of methyl groups result in the for¬ 

mation of similarly substituted cations, as in the degenerate reactions shown in Eqs. 19 and 20, the 

hydrogen atom is only a slightly better migrator than the methyl group13 and is probably a less 

effective migrator than most larger alkyl groups. 

H H 
I © © I (19) 

(CH3)2C—C(CH3)2 (CH3)2C—C(CH3)2 

ch3 ch3 
I © © I (20) 

(CH3)2C—C(CH3)2 5==^ (CH3)2C—C(CH3)2 

Aryl and vinyl groups are much better migrators than alkyl groups. Migrations of these 

groups will be discussed in Chapter 7. 

6.3 REARRANGEMENTS OF CARBOCATIONS 

Competition with Other Reactions 

The major products from many reactions in which carbocations (or developing carbocations) are 

intermediates, such as S^l and El reactions, are usually formed without carbon skeleton rearrange¬ 

ments. Under typical conditions for these reactions, carbocations and developing carbocations 

react with nucleophiles much more rapidly than they undergo rearrangements. (Eq. 21). 

X 

(CH3)2CHCHCH3 — (CH3)2CHCHCH3 + (CH3)2C=CHCH3 (21) 

usual products 

In general, rearrangements of carbocations are likely to be faster than their reactions with 

nucleophiles only when some features of the carbocations make rearrangements particularly easy, 

or when the reactions with nucleophiles are particularly slow. 
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Rearrangements Under Minimally Nucleophilic Conditions 

Usually, if nucleophiles react exceptionally slowly with carbocations it is because the reaction 

mixtures contain strong Lewis acids, which complex with the nucleophiles and minimize their 

reactivities. Reactions carried out under Friedel-Crafts conditions are classic examples. In 

Friedel-Crafts reactions, Lewis acids (usually metal halides) tie up halide ions and other “normal” 

nucleophiles. This extends the lifetimes of carbocations in the reaction mixtures sufficiently so 

that the very slow reactions of the cations with aromatic rings can take place. However, the rela¬ 

tively long lifetimes of the carbocations also allow time for Wagner-Meerwein rearrangements to 

precede the reactions of the carbocations with aromatic molecules. 

H 
r\ 

ch3chch2—Cl—A1C13 

0, AlCl, 

(CH3)2CH© 

l3' 

(22) 

A Friedel-Crafts alkylation with rearrangement 

Carbocations can also have long lifetimes in superacids, which are polar solvents with very 

low nucleophilicities.14* Superacids can be roughly defined as solutions that are stronger acids 

than 100 percent sulfuric acid.1' The list of superacids includes several individual acids, such as 

fluorosulfonic acid (FS03H) and trifluoromethanesulfonic acid (F3CS03H). However, many of 

the most useful superacids are mixtures of protic acids with powerful Lewis acids. The Lewis 

acids complex with conjugate bases of the protic acids, lowering their basicities (and nucle¬ 
ophilicities) and thereby increasing the acidities of the solutions. 

Common superacid mixtures include solutions of boron trifluoride in HF, arsenic pentaflu- 

oride in fluorosulfonic acid, and sulfuryl fluorochloride (S02C1F) in liquid sulfur dioxide. Magic 

acid, which consists of a solution of antimony pentafluoride in fluorosulfonic acid, is among the 
strongest known acids. It has an H0 value below —20.4 

Carbocations can have extremely long lifetimes in superacid solutions, since the solutions do 

not contain good nucleophiles to react with the cations. Even when carbocations do react with 

nucleophiles or bases in superacids, the resulting substitution and elimination products will usually 

react rapidly with the powerful acids to regenerate carbocations. As a result, carbocations in 

superacid solutions not only have ample opportunity to rearrange, but are likely to continue rear¬ 

ranging until the thermodynamically most stable cations have formed. 

♦Superacids were developed by George A. Olah and his co-workers at the University of Southern California, as 

well as by other groups. Professor Olah (bom in 1926 in Budapest, Hungary) was awarded the Nobel Prize in 1994 for his 
studies on carbocation rearrangements in superacids. 

technically, superacids can be described as acids with H0 (Hammett acidity function) values below -12. The H 

scale, which is similar to a scale of pH values extended to apply to very strongly acidic solutions, is discussed in detail in 
other texts.15 
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All of the chloropentane isomers, for instance, are converted to the rm-pentyl cation—the 

most stable saturated C5 carbocation—when they are dissolved in a solution of antimony penta- 

fluoride in S02C1F, as shown in Eq. 23.16 Obviously, some of these rearrangements require many 

consecutive migration steps. 

Cl 
I 

(CH3)2CCH2CH3 

(23) 

(CH3)2CHCH2CH2C1 

CH3(CH2)3CH,C1 

Cl 

© 
(CH3)2CCH2CH3 

ch3ch2chch2ch3 

Rearrangements in superacids 

Many carbocations are so stable in superacid solutions that their NMR spectra can be 

recorded. In several cases, including the degenerate rearrangements discussed on pages 139 to 

143, it has been possible not only to detect otherwise “invisible” rearrangements but also to mea¬ 

sure their rates and to compare them with the rates of other reactions. Thus, the development of 

superacids has made possible major advances in the study of carbocation reactions. 

Rearrangements of Alkanes 

Even alkanes, which are noted for their lack of reactivity in ionic reactions, appear to rearrange 

rapidly under Friedel-Crafts conditions or in superacid mixtures. In 1946, however, Pines and 

Wackher demonstrated that very pure alkanes do not undergo aluminum halide-catalyzed rearrange¬ 

ments unless a minute amount of a more reactive organic compound, such as an alkene or an oxy¬ 

genated molecule, is present. Unlike alkanes, these compounds, called promoters or cocatalysts, 

can easily be converted to carbocations by Lewis acids.17 
Prior to Pines and Wackher’s findings, it had been shown that carbocations could abstract 

hydride ions from alkane molecules to form new carbocations.18 Pines and Wackher therefore 

proposed a cationic chain mechanism for the isomerization of alkanes in the presence of Lewis 

acids and promoters. The rearrangement of n-butane by that mechanism is shown below. 

initiation 
steps 

< 

acid 0 
promoter -*■ R 

R® + CH3CH2CH2CH3 
© 

RH + CH3CHCH2CH3 

propagation 
steps 

ch3chch2ch3 —^ (CH3)3C® 

„ © 
(CH3)3C® + ch3ch2ch2ch3 —> (CH3)3CH + ch3chch2ch3 

Cationic chain mechanism for the isomerization of n-butane 

In the first step, the acid catalyst converts the promoter to a carbocation, which then abstracts 

a hydride ion from a molecule of the alkane, converting it to a new carbocation. This carbocation 

undergoes one or more Wagner-Meerwein rearrangement steps to form a more stable carbocation 

and then propagates the chain by abstracting a hydride ion from another molecule of the alkane. 
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(Later, it was found that small amounts of hydrogen gas are generated from alkanes in the 

presence of exceptionally strong protic acids, such as magic acid or mixtures of aluminum chloride 

and HC1 (although not with aluminum chloride by itself).19 It has therefore been suggested that 

under these conditions protons can directly abstract hydride ions from alkanes (Eq. 24), thereby 

initiating cationic chain reactions even in the absence of promoters.) 

R-H + H® -* R® + H2 (24) 

Under the very strongly acidic (nonnucleophilic) conditions needed for rearrangements of 

alkanes, it is common for alkanes to undergo multiple rearrangements to form the thermodynam¬ 

ically most stable products, or mixtures of products, in amounts proportional to their relative ther¬ 

modynamic stabilities.20 
The Lewis acid catalyzed rearrangements of alkanes are important industrial processes. 

They occur in the catalytic reformulation of petroleum, in which low-octane, straight-chain hydro¬ 

carbons are isomerized to higher-octane, branched-chain molecules (Eq. 25). 

Lewis acids ______,Tr . . ._ _, 
CH3(CH2)6CH3 ---* (CH3)3CCH2CH(CH3)2 + other isomers (25) 

«-octane “isooctane” 

Cationic chain reactions also play important roles in the catalytic “cracking” of high-mole¬ 

cular-weight components of petroleum to the more valuable low-molecular-weight fractions that 

form gasoline. 

c,h5 ch3 c2h5 

\© ^^ I A \ © 
c — CH2— C(C2H5)2 -* C = CH2 + CH3C(C2H5)2 (26) 

c3h7 c3h7 

A “fragmentation” (cracking) reaction of a carbocation 

Structures Favoring Carbocation Rearrangements 

As noted earlier, in the presence of common nucleophiles, such as water or other hydroxylic sol¬ 

vents, most carbocations form substitution and elimination products more rapidly than they undergo 

rearrangements. However, there are several types of organic molecules in which carbocation 

rearrangements are particularly likely to occur, even in the presence of good nucleophiles. 

The neopentyl system. 2,2-dimethylpropyl halides and 2,2-dimethylpropyl sulfonates 

(commonly called neopentyl halides and sulfonates), if they react with ionic reagents at all, typi¬ 

cally yield only products of Wagner-Meerwein rearrangements, as in Eq. 27. 

CH3 

H3c—c—CH2-0)SO2—/ \—Br 

CH3 _ 

neopentyl p-bromobenzenesulfonate 

(CH3)2C = CHCH3 + 

© 
(CH3)2CCH2CH3 

HOAc A 

OAc 
I 

(CH3)2CCH2CH3 

(27) 
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Neopentyl derivatives do not undergo Wagner-Meerwein rearrangements because the 

rearrangement processes are particularly favorable, but rather because other reactions are par¬ 
ticularly unfavorable. 

Neopentyl halides and sulfonates cannot, of course, undergo E2 reactions, since there are no 

protons on the ^-carbons. Furthermore, it has been estimated that neopentyl halides undergo SN2 

reactions only about 1CT5 times as rapidly as other primary halides.21 This is presumably the result 

of strong steric interference between the tert-butyl groups and the entering necleophiles in transi¬ 

tion states for SN2 reactions of neopentyl derivatives. Other compounds with quaternary carbons 

bonded to the carbons bearing the leaving groups similarly undergo SN2 reactions very slowly, if at all. 

H3C 
C—CH, 
/ Nj 

CH MX1 
8© 

Transition state for an SN2 
reaction of neopentyl bromide 

The bulky tert-butyl groups similarly inhibit nucleophilic attack on developing primary 

cations in neopentyl derivatives. Thus, while prolonged heating of neopentyl halides and tosy- 

lates in good ionizing solvents will yield substitution and elimination products, the products invari¬ 

ably have structures resulting from Wagner-Meerwein rearrangements. Rearranged products are 

even formed in the presence of strong bases or other good nucleophiles. 

Relief of ring strain. Wagner-Meerwein rearrangements are particularly likely to occur 

if they result in a three- or four-membered ring expanding to form a less strained structure. 

Some of the best-known examples are found in the reactions of terpenes. a-pinene (a major 

constituent of turpentine), for instance, rearranges to form bomyl chloride on reaction with hydro¬ 

gen chloride (Eq. 28).2 

prr ri 

a-pinene bomyl chloride 
(thermodynamic product) 

The rearrangement is very rapid because there is such a large driving force for expansion of the 

four-membered ring to a less strained five-membered ring. However, it is worth noting that even in 

this example, which is exceptionally favorable for rearrangement, addition of HC1 to the double 



148 Chapter 6 Migrations to Electron-Deficient Centers 

bond—that is, reaction of the carbocation with a nucleophile—occurs more rapidly than 

rearrangement. (It is easy to overlook the initial formation of the addition product, since it also 

rearranges rapidly to form bomyl chloride.2) 
The expansion of a four-membered ring is observed in a more complex reaction sequence 

during reaction of the sesquiterpene derivative caryophyllene oxide with acids (Eq. 29).22 

While contractions of four-membered rings to three-membered rings would normally be 

endothermic, there are almost no absolute rules in organic chemistry. In the very strained polycyclic 

system shown in Eq. 30, relief of angle strain is achieved by contraction of a cyclobutane ring.23 

Rearrangements involving expansions of three-membered rings will be discussed in Chapter 7. 

Pinacol and semipinacolic rearrangements. Tetramethylethylene glycol (pinacol) 

rearranges in acid to form tert-butyl methyl ketone (pinacolone). The pinacol-pinacolone trans¬ 

formation is the oldest-known rearrangement of carbocations. 

jr r OH OH 
H^c i i ,CH„ 
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CH, 
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pinacol 
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© 
H,C—C—C 
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CH3 CH3 

OH 

H3C—C—C(CH3)3 

1 (31) 

O 

H3c—c—C(CH3)3 + H 

pinacolone 

© 

Other 1,2-glycols similarly rearrange to carbonyl compounds in acid, in reactions that are gener- 
ically called pinacol rearrangements. 

Formation of a new bond (the tt bond of the protonated carbonyl group) during the 

rearrangement step provides the driving force for the pinacol rearrangement. Formation of an addi- 
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tional bond is a highly exothermic process, so that pinacol rearrangements occur even under con¬ 

ditions in which most Wagner-Meerwein rearrangements cannot compete with direct substitution 
and elimination reactions of the carbocations. 

Reactions proceeding via [3-hydroxy cations, but in which the cations are not formed from 

1,2-glycols, are called semipinacolic rearrangements. (3-halo alcohols and 1,2-epoxides are com¬ 

mon starting materials for semipinacolic rearrangements.25 

h3cch2 

tt r OH fBr 
H3C\I H/CH3 

C-C 
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CH, 
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„ r °H 
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©/CH3 

h3cch2 CH, 

o c2h5 
r 

H3c — c— C(CH3)2 + H © 

Semipinacolic rearrangements 

(32) 

(33) 

The Tiffeneau-Demjanov rearrangement is a semipinacolic rearrangement in which the cation is 

formed by diazotization of a (3-amino alcohol.26 

A Tiffeneau-Demjanov rearrangement 

Rearrangements of a-hydroxyaldehydes and a-hydroxyketones. In acid-cat¬ 

alyzed rearrangements of a-hydroxyaldehydes or ketones (sometimes called ketol-ketol or acy- 

loin rearrangements), the migrating groups migrate to carbon atoms of protonated carbonyl 

groups, rather than to “real” carbocation centers. 
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OH O 
I II 

(C2H5)2C — cch3 

(35) 
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These reactions are closely related to pinacol and semipinacolic rearrangements. In both types of 

rearrangements, the migration steps are assisted by conversion of hydroxy groups to carbonyl 

groups. 
One difference between acyloin and pinacolic rearrangements is that competing elimina¬ 

tion and substitution reactions of the alcohol functions are unlikely to occur in acyloin rearrange¬ 

ments, because the formation of carbocations a- to carbonyl groups is quite difficult.* A second 

difference is that pinacol rearrangements are usually highly exothermic, because the bond energy 

of a carbonyl double bond is normally significantly greater than the combined bond energies of 

two carbon-oxygen single bonds. In contrast, except when aldehydes are converted to ketones, the 

starting materials and products in acyloin rearrangements are often similar in energy, so that acy¬ 

loin rearrangements are readily reversible. 
The most important difference between acyloin rearrangements and most rearrangements 

of carbocations is that acyloin rearrangements can take place under basic as well as acidic condi¬ 

tions (Eq. 36).28 

O OH 
II I e 

H3c—c—C(C2H5)2 + uOH HX-C-C-CH 
3 MJ_| 

c2h5 

(36) 
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h3cch2 
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II 
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Base-catalyzed acyloin rearrangements are still migrations to electron-deficient sites, but a good 

deal of the impetus for the migrations comes from the “push” provided by the negatively charged 
oxygens. 

Acyloin rearrangements can take place under very mild conditions, since they do not require 

the formation of carbocation intermediates but only the protonation of carbonyl groups or the 

removal of protons from hydroxy groups. They often occur unexpectedly, and a synthetic chemist 

planning the synthesis of an a-hydroxyaldehyde or ketone has to be careful to avoid conditions 
that might give rise to acyloin rearrangements. 

Many other aldehydes and ketones can undergo rearrangements in acid to form isomeric 

carbonyl compounds, as in Eqs. 37 and 38. (The initial migration steps in those reactions are the 

reverse of the migration steps in pinacol rearrangements.) However, rearrangements of simple 

carbonyl compounds usually require much more strongly acidic conditions, and often much higher 

temperatures, than are needed for acyloin rearrangements,29 since the migration steps are not 
assisted by unshared electron pairs on hydroxy groups. 

*a-keto and a-cyano carbocations actually gain some stabilization from resonance: 27 

o 
II © 

H3C—C—C(CH3)2 

o© 
I 

H3C—C=C(CH3)2 
© 

(CH3)2C—C=N (CH3),C=C=N® 

However, the resonance effects of carbonyl and cyano groups in carbocations are far outweighed by their destabilizing 
inductive effects. 
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O O 
H,SO, 

(CH3)3CCH (CH3)2CHCCH3 
(38) 

The benzilic acid rearrangement. If diphenyl-1,2-dione (benzil) is heated in strong 

basic solutions, it is quantitatively converted to salts of benzilic acid. 

O 

-n-ff \ c—c 
II 
o 

benzil 

(39) 

The corresponding reactions employing alkoxide and amide anions as the bases yield esters and 

amides, respectively, of benzilic acid. Other diaryl diketones will undergo benzilic acid rearrange¬ 

ments in excellent yields. (Similar rearrangements can occur with aliphatic a-diketones, as shown 

in Eq. 40, but yields are often low because of competing aldol condensation reactions.28) 

(40) 

The benzilic acid rearrangement is initiated by addition of the base to a carbonyl group 

(Eq. 41). The succeeding rearrangement step is closely related to the base-catalyzed acyloin 

rearrangement. 
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(41) 

Studies employing a-diketones labeled with radioactive carbon have shown that aryl groups 

invariably migrate more rapidly than alkyl groups in benzilic acid rearrangements. When two dif¬ 

ferent aryl groups might migrate, the principal product usually arises from migration of the aro¬ 

matic ring bearing the most strongly electron-withdrawing substituents (Eq. 42). 
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That is presumably because the base will add predominantly to the carbonyl group bonded to the 

ring with the more strongly electronegative substituents.29 

(42) 

Dienone-phenol rearrangements. Ortho- and para-cyclohexadienones (cyclohexa- 

2,4-dienones and cyclohexa-2,5-dienones), undergo acid-catalyzed rearrangements to yield phen¬ 
ols or esters of phenols.30 

(43) 

(44) 
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While most rearrangements of ketones require very strong acid catalysts, dienone-phenol 

rearrangements will take place in only moderately strong acids, such as solutions of sulfuric acid 

in acetic acid or acetic anhydride. Unlike most acid-catalyzed rearrangements of ketones, 

dienone-phenol rearrangements are highly exothermic reactions, since nonaromatic molecules 
are converted to aromatic isomers. 

Many examples of dienone-phenol rearrangements occur in derivatives of steroids. The 

rearrangement products from these reactions often appear to arise from 1,3-shifts of migrating 
cycloalkyl rings, as in Eq. 45.31,32 

(45) 

Several studies have shown that apparent 1,3-migrations in dienone-phenol rearrange¬ 

ments actually result from two successive 1,2-migrations. For instance, it was found that 

rearrangement of the radioactive dienone 3 resulted in the radioactive carbon being equally 

distributed between the methylene groups ortho and meta to the hydroxy group of the prod¬ 

uct phenol (5).33 The equal distribution of the radioactivity suggests that the rearrangement 

proceeds by way of the spirocyclic carbocation 4, in which the two methylene groups are 

equivalent. 

It has also been shown that rearrangement of dienone 6 in acid yields phenol 7, again demon¬ 

strating that the apparent 1,3-migration proceeds by a sequence of two 1,2-shifts.34 As expected, 

the more substituted alkyl group migrates in the second step. 
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Allyl and Benzyl Group Migrations 
in Dienone-Phenol Rearrangements 

Acid-catalyzed migrations of benzyl groups in e>At/ic>-cyclohexadienones can proceed by [1,5] 

shifts as well as [1,2] shifts (Eq. 48).35* 

O 

Migrations of allyl groups in both ortho- and para-cyclohexadienones usually proceed via [3,3] 

shifts, although [1,2] shifts can also take place, as in Eq. 4936. 

O 

In general, the use of Lewis acids or other strongly electrophilic agents, such as trifluo- 

roacetic anhydride, is more likely to result in [1,2] shifts. Thus, protic acids tend to catalyze the 

usual thermal reactions of cyclohexadienones, while stronger electrophiles, which would place a 

greater degree of positive charge on the rings, yield products expected from reactions of carboca- 
tions. 

^Migration of the benzyl group to the para position of the phenol ring was also observed. It was suggested that this appar¬ 
ent [1,3] shift proceeded by a sequence of two [1,2] shifts.35 
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Dienol-benzene rearrangements. Cyclohexadienols are very acid-sensitive com¬ 

pounds, which easily rearrange to form aromatic rings, as in Eqs. 50 and 51. 

In fused-ring systems in which the intermediates formed from the first rearrangement steps might 

not be able to lose protons to form aromatic rings, multiple migrations, leading to apparent 1,3- 

shifts, are possible (Eq. 52).37 

Backbone rearrangements. Migrations of hydrogens and methyl groups at ring junc¬ 

tures of molecules containing several fused cyclohexane rings are known as backbone rearrange¬ 

ments. These reactions are of particular interest because they occur during the biosynthesis of 

steroids and terpenes, as well as in organic chemistry laboratories. 
Among the most spectacular examples is the rearrangement of friedelanol (a derivative of a 

Q O 

triterpene obtained from cork) to oleanene. 
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H 

This rearrangement requires seven individual migration steps—three hydrogen migrations and 

four methyl migrations. The driving force for this reaction appears to be a decrease in steric repul¬ 
sions between axial substituents. 

Early workers suggested that backbone rearrangements might proceed in a concerted man¬ 

ner, with several groups migrating simultaneously. The available evidence indicates, however, 

that the migrations occur sequentially rather than in a concerted fashion.39 (The rearrangement is 

depicted in Eq. 53 as if all the rearrangements occur in a single step, in order to avoid drawing 
eight different intermediate carbocations.) 

6.4 LONG-DISTANCE MIGRATIONS 

Migrations in Open-Chain Cations 

Wagner-Meerwein rearrangements normally proceed by 1,2-shifts, in which the migrating hydro¬ 

gens or alkyl groups move to adjacent carbons. There is, in fact, no convincing evidence that alkyl 

groups in open-chain carbocations can migrate in any manner other than 1,2-shifts. Of course, 

alkyl groups can, and often do, migrate to locations distant from the migration origins. We know, 

however, that those rearrangements always proceed by sequences of 1,2-shifts. 

While alkyl groups undergo only 1,2-migrations, there are some reactions of open-chain 

carbocations, such as the Friedel-Crafts reactions shown in Eq. 54,40 which appear to proceed by 
direct 1,5-migrations of hydrogen (or deuterium). 
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In 1973 Saunders and Stofko confirmed that hydrogen atoms can migrate between distant 

sites in open-chain carbocations. They reported that at temperatures between —90 and — 55°C the 

NMR spectra of ions 8b, 8c, and 8d showed hydrogens being interchanged between two tertiary 

positions (Table 6.1). The rearrangements could not have proceeded by sequences of 1,2-shifts, 

since rearrangements converting tertiary carbocations to secondary carbocations at such low tem¬ 

peratures are too slow to account for the reactions.41 

As Table 6.1 indicates, 1,5-hydrogen shifts, in particular, can be very rapid reactions with 

low activation energies. However, they are still much slower than 1,2-hydrogen shifts between 

carbocations of equal stability. 1,5-shifts of hydrogens in open-chain cations are therefore only 

likely to occur when uphill rearrangements of carbocations to form less stable isomers are the 

only alternatives. 

The direct migrations of hydrogens to distant positions in carbocations are actually 

intramolecular analogs of hydride-ion transfer reactions (see page 145). The geometrically favor¬ 

able 1,5-migrations (as well as, of course, 1,2-migrations) can take place under milder conditions 

than are necessary for the corresponding intermolecular processes. 

It should be noted that 1,3-, 1,4-, and 1,5-hydrogen shifts in carbocations are not [1,3], [1,4], 

and [1,5] sigmatropic shifts. In electronic terms, 1,3-shifts in carbocations may be classified as 

homo [1,2] shifts—that is, as homologs of [1,2] shifts. Despite the extra methylene group between 

the migration origin and the migration terminus, the reaction is allowed by the Woodward- 

Hoffmann rules. Similarly, 1,4-shifts may be regarded as bishomo[ 1,2] shifts, and [1,5] shifts as 

trishomo [1,2] shifts. 

TABLE 6.1 INTRAMOLECULAR HYDROGEN MIGRATIONS IN CARBOCATIONS 

Ea (kcal/mol) 

H 
© 

(CH3)2C-C(CH3)2 

8a 

H @ 

(CH3)2C^ C(CH3)2 
xh2 

8b 

H 
© I 

(CH3)2C—C(CH3)2 

H 

(CH3)2C. C(CH3)2 
CH, 

3.1 ± O.f 

8.5 ± 0.1 
34 

H 
/ © 

(ch3)2c^ C(CH3)2 

CH— CH2 

8c 

H 
© \ 

(CH3)2C^ 7C(CH3)2 

CH—CH, 

12- 13 34 

H 
/ © 

(CH3)2C C(CH3)2 

CH, CH, 
CH, 

8d 

Value given is for AG . 
110 

H 
© \ 

(CH3)2C C(CH3) 
I I 
CH, CH, 

vi 6-7 
34 
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Transannular Migrations 

Migrations of hydrogens between distant sites are of greatest importance in reactions of medium¬ 

sized rings; those containing between 7 and 11 carbons. 

In the 1950s Arthur C. Cope’s group at MIT reported that the principal product from reaction 

of cA-cyclooctene with performic acid, followed by base hydrolysis, was cA-l,4-cyclooctanediol. 

3-hydroxy- and 4-hydroxyclooctene were also obtained, along with the expected trans-1,2- 

cyclooctanediol. It was assumed that cA-cyclooctene oxide was first formed and then rearranged 

under the mildly acidic conditions to form the observed products (Eq. 55).42 

The unexpected products in Eq. 55 might have resulted from 1,3- or 1,5-migrations of 

hydrogens. (Sequences of 1,2-shifts were considered to be unlikely, since no 1,3-cycooctanediol 

was obtained.) To distinguish between these possibilities, the distribution of deuterium in the prod¬ 

ucts from the reaction of performic acid with cyclooctene-5,6-d2 was determined. The results indi¬ 

cated that 39 percent of the rearranged products resulted from l",3-hydrogen shifts and 61 percent 
from 1,5-hydrogen shifts (see Eq. 56). 

OH 

D 

D 

:o 
HCO,H 

HO 

D 

D^V_^^OH 
from 1,3-shifts 

‘yf y0H ^~\/0H 

D'N_/"D / 

(56) 

from 1,5-shifts 

Similar transannular rearrangements occur with epoxides of other medium-sized rings, with 

the percentages of rearrangement depending on the sizes of the rings. V. Prelog and his co-work- 

ers at the Technische Hochshule in Zurich showed that the reactions of performic acid with 

cyclononenes yielded only 1,5-diols (Eq. 57) and with cyclodecenes only 1,6-diols (Eq. 58), the 
products (in both cases) of 1,5-hydrogen shifts.* 

* 1,5-shifts in cyclonanes are equivalent to 1,6-shifts and in cyclodecanes are equivalent to 1,7-shifts. Migrations in 

ring systems are usually defined as proceeding via the smaller number of intervening atoms. 
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OH 

Reaction of the 11-carbon cycloalkene, cycloundecene, with performic acid similarly yielded only 

products resulting from hydrogen migrations, although their precise structures were not estab¬ 

lished. In contrast, reaction of cycloheptene oxide with hydrochloric acid yielded only 2.4 per¬ 

cent of 1,4-cycloheptanediol (resulting from a 1,4- or 1,5-shift) along with the “normal” 1,2-diol.43 

Unlike epoxides of medium rings, cyclohexene oxide and cyclododecene (a twelve-carbon 

ring) oxide yielded essentially no rearrangement products on reaction with acids.43 

Epoxide rings normally open to form diols in stereospecific reactions, but the geometries of 

the reactions depend on whether or not they involve transannular hydride migrations. In forming 

a “normal” 1,2-diol, the nucleophile displaces the bond being broken from the rear, while in a 

transannular rearrangement process the nucleophile enters from the same face of the ring as the 

bond being broken. 
CE-cyclooctene oxide, for instance, yields c7.v-cyclooctane-l,4-diol, while tra/is-cyclooctene 

oxide yields only ?ran5-cyclooctane-l,4-diol.42 The net “retentions” of geometry in these reac¬ 

tions presumably result from double-inversion processes. The carbon-oxygen bonds being broken 

are apparently displaced by hydrogens trans to the epoxide rings, while nucleophiles, in turn, dis¬ 

place the hydrogens with inversion (Eqs. 59 and 60). 
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Transannular rearrangements also take place during electrophilic addition reactions of 

medium-sized cycloalkenes. The reaction of cA-cyclooctene with deuterated trifluoroacetic acid, 

for instance, yields (after saponification of the initially formed ester) an alcohol resulting from a 

1,5-hydrogen shift as well as the alcohol resulting from the “normal” 1,2-addition. The deuterium 

and hydroxy functions are cis to each other in both products (Eq. 61).44 

HO D D 

\y 
HO 

Conformations and Reactivities of Medium Rings 

The enthalpies of formation of medium-ring cycloalkanes are higher than the expected values cal¬ 

culated by adding the enthalpies for the comparable numbers of CH2 groups in open-chain alkanes. 

The differences between the measured and expected values may be defined as the strain ener¬ 
gies of the cycloalkanes. 

As shown in Table 6.2, the enthalpies of formation of most cycloalkane rings are higher 

than the expected values. The differences are particularly large for rings containing 8 to 11 carbons, 

as well as for three- and four-membered rings. These rings are therefore all strained rings. It is 

more than a coincidence that the strained medium-sized rings are precisely those in which transan¬ 
nular hydrogen shifts are prevalent. 

Ring strain in three- and four-membered rings is largely due to distortion of bond angles 

from the normal 109.5° of a tetrahedral carbon. Bond angles in cyclopentanes are not significantly 

TABLE 6.2 STRAIN ENERGIES 

OF CYCLOALKANES 

Ring size Strain energy (kcal/mol) 

c3 27.5 

c4 26.3 

C5 6.2 

C6 0.1 

c7 6.2 

Cg 9.7 

c9 12.6 

C,o 12.4 

Cn 11.3 

C12 4.1 

C,4 1.9 

Data taken from E. L. Eliel and S. H. 

Wilen, Stereochemistry of Organic 

Compounds. John Wiley. New York 

(1994), p. 677. 
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distorted, but the geometry of the cyclopentane ring requires that most hydrogen atoms be nearly 

eclipsed by hydrogens on adjacent carbons. Cyclopentane therefore exhibits a moderate strain 

energy. In normal chair conformations of cyclohexane, in contrast, all the carbon-hydrogen bonds 

are staggered, and cyclohexane is essentially strain-free. 

In principle, bond angles in medium-sized rings need not be distorted from the normal angles 

of sp3 bonds. The relatively large strain energies of those rings, like that of cyclopentane, must there¬ 

fore be due to steric repulsions between nonbonded atoms. The strain in medium-sized rings, how¬ 

ever, cannot be accounted for entirely on the basis of eclipsing of hydrogens on adjacent carbons. 

The origin of much of the strain energies of medium-sized rings can be deduced by exam¬ 

ining the principal conformations and repulsions between nonbonded atoms in those rings. Using 

a set of molecular models would be extremely valuable. However, significant information can be 

obtained by examining structures on the printed page. Representations of the most stable confor¬ 

mations of cyclooctane and cyclodecane,46 for example, are shown in the following diagrams. 

In cyclooctane, hydrogens on two carbons, which can arbitrarily be labeled Cl and C5, are 

directed over the face of the ring and come into close proximity. This transannular strain desta¬ 

bilizes the cyclooctane ring. Furthermore, these hydrogens are beautifully positioned to take part 

in transannular migrations (displacing group “X”). In the conformation of cyclodecane shown 

above one pair of hydrogens above and one pair below the face of the ring closely approach each 

other. (In space-fdling models, they actually appear to bump into each other.) Again, they are well 

positioned to take part in 1,5-transannular shifts. Cyclononane and cycloundecane similarly exhibit 

transannular strain and have hydrogens properly positioned to take part in 1,5-transannular shifts. 

As is shown in the illustration, other hydrogens in cyclooctane and cyclodecane are well 

positioned to take part in 1,3-shifts, displacing group “X” in each case. 
Conversion of tetravalent carbon atoms in medium-sized rings to trivalent cationic car¬ 

bons_for instance, by loss of group “X” from cyclooctane or cyclodecane—would reduce the 

strain in the rings. As a result, carbocations of medium-sized rings are formed relatively easily. 

Studies by R. Heck and V. Prelog have shown that tosylates of medium-ring alcohols undergo 

solvolysis far more rapidly than tosylates of cyclohexanol or of large-ring alcohols (Table 6.3).47 
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TABLE 6.3 RELATIVE RATES OF SOLVOLYSIS OF 

CYCLOALKYL TOSYLATES IN ACETIC 

ACID AT50°C 

Number of carbons in ring Relative reaction rate 

6 1 

7 31 

8 285 

9 266 

10 539 

11 67 

12 3.1 

20 1.9 

There is a clear correlation between the degree of rate acceleration in solvolyses of 

cycloalkyl tosylates and the extent to which the corresponding cycloalkyl epoxides undergo 
transannular rearrangements. 

"Hydrogen-Bridged" Cations 

Spectroscopic studies have shown that at — 120°C medium-ring carbocations can exist in hydro¬ 
gen-bridged forms, such as 9 and 10. 

A hydrogen atom in each structure is simultaneously linked to carbons on both sides of the ring via 

three-atom, two-electron bonds.48’49 In the bicyclic cations 11 and 12, the hydrogen-bridged struc¬ 
tures are stable even at room temperature.50’51 

Although these ions can be directly observed only in superacid solutions, similar hydrogen- 

bridged structures are now considered to be intermediates in transannular hydrogen migrations in 
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ordinary solvents.44 The facts that nucleophiles always enter syn to the leaving groups in the forma¬ 

tion of diols from transannular rearrangements of epoxides, and that transannular rearrangements in 

reactions of acids with medium-ring cycloalkenes result in products of cis addition (Eq. 62), pre¬ 

sumably result from nucleophilic attack on such bridged intermediates. 

MIGRATIONS TO NITROGEN AND OXYGEN 

Alkyl and aryl groups can migrate to positively charged nitrogen or oxygen atoms as well as to 

trivalent carbons. 

Migrations to Electron-Deficient Nitrogens 

The reaction of phosphorus pentachloride with A-chloro or A-bromo triphenylmethylamine results 

in the migration of a phenyl group to nitrogen to yield, after hydrolysis, benzophenone and aniline 

(Eq. 63). These reactions are known as Stieglitz rearrangements.52 A similar rearrangement 

occurs in the reaction of triphenylmethylhydroxylamine with acids.53 

It was originally reported that alkyl groups did not migrate in acid catalyzed reactions of 

A-haloamines or A-hydroxylamines. However, it has been found that alkyl migrations can take 

place in the solvolysis of bicyclic chloramines such as 13.54 The initial step in the rearrangement 

has been shown to be the formation of the nitrenium ion 14 (Eq. 64).* 

*Ion 14 is actually likely to have a bridged “nonclassical structure (see Chapter 7). 
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The Beckmann Rearrangement 

In 1886 Ernst Beckmann reported that the reaction of benzophenone oxime with phosphorus pen- 

tachloride in ether resulted in the migration of a phenyl group from carbon to nitrogen to yield 

the imino chloride 16 (possibly formed via the nitrilum salt 15). Aqueous hydrolysis of 16 con¬ 

verted it to iV-phenylbenzamide, presumably by tautomerism of the isoamide 17,55 

HO. 
,0 N 

II 
c6h5cc6h5 

cr 
PCI, © 

c6h-c=nc6h5 

15 

Cl 

c6h5c=nc6h5 

16 

h2o (65) 

o 
H 

c6h5c-nc6h5 

OH 

c6h5c=nc6h5 

17 

Beckmann later showed that protic acids are also effective in converting oximes to amides, as in 
Eq. 66.56 

HO \ 
N 

H,so4 
(66) 

The geometries of the migrating groups are usually retained in Beckmann rearrange¬ 

ments ’ (Eq. 67) as they are in Wagner-Meerwein rearrangements. 

<k 

H 

/OH 
N 
II 

,C—CH, 
H2so4 

'7 
CH, 

O 
H II 

<!>. ,N—CCH, 
C 

'7 H CH, 

(67) 



Section 6.5 Migations to Nitrogen and Oxygen 165 

Oximes of unsymmetrical ketones can exist as geometrical isomers with syn and anti configu¬ 

rations of the carbon-nitrogen double bonds. The syn and anti isomers normally yield different amides 

when subjected to Beckmann rearrangement conditions. Early workers speculated that the group syn 

to the hydroxy migrated to replace the hydroxy group on the nitrogen atom. However, it was later 

determined that it is the group anti to the hydroxy group that migrates, as in Eqs. 68 and 69.59 

This fact has been so firmly established that the products obtained from Beckmann rearrange¬ 

ments of some oximes have themselves been used to prove the geometries of the oximes. 

(Complications can arise, however, because oximes may undergo syn-anti isomerism in acid.) 

The stereospecificity of the Beckmann rearrangement demonstrates that the migration step 

must occur simultaneously with the breaking of the N-0 bond, as in Eq. 70. 

© 
R—N=C — R' + HOX 

Reactions of acids with aldoximes commonly result in dehydration of the aldoximes to form 

nitriles rather than in Beckmann rearrangements (Eq. 71). 

.OH 
N 

„C=N (71) 

Related fragmentation processes, rather illogically called second-order Beckmann rearrange¬ 

ments,” can take place with ketoximes if a potential migrating group can form a relatively stable 

carbocation, as in Eq. 72.59 
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Rearrangements of Peroxides 

Alkyl and aryl groups can migrate from carbon to oxygen when hydrocarbons with peroxy or 

hydroperoxy groups (particularly at tertiary positions) are treated with acids. This rearrange¬ 

ment is used commercially in the production of acetone and phenol from cumene hydroperoxide 
(Eq. 73). 

/ \ 
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CH, 

C —H 
I 

CH, 
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CH, 

(73) 

H3CCCH3 + 
\ © 
C = 0 
/ 

h3c 

// \ + h2o 

Aryl groups migrate so readily that even primary or secondary hydroperoxides can undergo 

rearrangements. In contrast, when only alkyl groups might migrate, primary and secondary 
hydroperoxides typically yield only unrearranged carbonyl derivatives (Eq. 74).60 

In view of the high electronegativity of oxygen, it is very unlikely that real “oxenium ions” 

are intermediates in the acid-catalyzed rearrangements of peroxides. It seems probable that, as in 

Beckman rearrangements, the migrations occur simultaneously with the departure of the leaving 
groups. 6 
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The Baeyer-Villiger Oxidation 

In Baeyer-Villiger reactions, ketones are converted to esters (and cyclic ketones are converted to 

lactones) by reaction with peracids (Eqs. 75 and 76).61 

O 

The Baeyer-Villiger reaction begins with the acid-catalyzed addition of a peracid to a carbonyl 

group to form a peroxy ester (such as 18).62 

O 
II 

+ RCOOH 

OH O 
I II 

c—o—o—CR 
I 

CH3 18 

o 

(77) 

O 

o —CCH, + RCOH 

Baeyer and Villiger originally suggested that the rearrangement then proceeded via the formation 

of a cyclic peroxide intermediate.63 However, in 1953 W. von E. Doering and E. Dorfman studied 

the reaction of peracetic acid with benzophenone labeled with 180. They found that all the l80 

was retained as the carbonyl oxygen of the product ester.64 This result eliminates the possible for¬ 

mation of a symmetrical intermediate and supports a mechanism similar to those proposed for 

rearrangements of other peroxides (Eq. 78). 
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As in Wagner-Meerwein rearrangements, the alkyl groups most likely to migrate in Baeyer- 

Villiger reactions are those that can most readily bear positive charges (Table 6.4).65 One surpris¬ 

ing aspect of the reaction is that secondary and tertiary alkyl groups appear to migrate more read¬ 
ily than phenyl groups. 

TABLE 6.4 RELATIVE MIGRATORY APTITUDES IN THE BAEYER-VILLIGER REARRANGEMENT 

<^y4-R <TA^0_{Lr + 
R Alkyl/phenyl migration ratio 

ch3— very small 

c2h5- 7 X 10“2 

ch3ch2ch2— 7 X 10-2 

(CH3)2CH— 1.9 

(CH3)3C— 39 

c6h5ch2- 1.3 
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PROBLEMS 

1. Draw structures for the principal organic products of the following reactions. 

CH3 

I ZnCl, 

A * 

OH 

HO 

.OTs 
HOAc 

A 
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(f) 

OH 
N 
II 

ch3ch2cch3 
h2so4 

2. Explain why the deuterium and oxygen atoms are cis to each other in the product of the following reaction. 

o 
II 

(1) FjCCOD 

(2) eOH 

OH 

3. Write reasonable mechanisms for the following reactions. 

SbF, 
(a) H3C(CH2)3CH2C1 -- 

F 
I 

(CH3)2CCH2CH 3 

(T. Fujiwara et al.. Tetrahedron Lett., 33, 2583 [1992]) 
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(P.G. Gassman and A. Carrasquillo, Chem. Comm., 495, [1969]) 

(P.J. Kropp, J. Am. Chem. Soc., 85, 3280 [1963]) 

(G.C. Hirst, P.N. Howard, and L.E. Overman, J. Am. Chem. Soc., Ill, 1514 [1989]) 

CH 
3 

(E.N. Marvell and E. Magoon, J. Am. Chem. Soc., 76, 5118 [1954]) 
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(A.J. Birch et al., Chem. & Ind. (London), 401 [I960]) 

(Adapted from D. Schinzer and Y. Bo, Angew. Chem. Inti. Ed. Engl., 30, 687 [1991]) 

O 
II 

ch3cooh 

(G. Mento and V. Singh, Tetrohedron Lett., 4591 [1978] 

B. Pandey and P.V.Dalvi, J. Org. Chem., 54, 2968 [1989]) 



Chapter 7 

Neighboring Group Effects 

and “Nonclassical” Cations 

7.1 SUBSTITUTION WITH RETENTION OF CONFIGURATION 

Sn2 reactions at chiral carbons yield products with inverted configurations.* Even in S^l reac¬ 

tions, which normally yield at least partially racemized products, it is usually easiest for the 

nucleophile to attack from the direction opposite that by which the leaving group is departing. 

Thus, the percentage of S^l products formed with inversion of configuration should always be at 
least as great as the percentage formed with retention.’*’ 

While most nucleophilic substitution reactions, whether they proceed by S^l or S^2 mech¬ 

anisms, thus result predominantly in inversion of configuration, that is not necessarily the case if 

the (^-carbon—the carbon bonded to the carbon bearing the leaving group—has a substituent 

*Nucleophilic substitution reactions proceeding with retention may be viewed as pericyclic reactions. As suprafa- 

cial four-electron processes, they would be forbidden by the Woodward-Hoffmann rules. 

0 
x 

AO 

0 (N = nucleophile, X = leaving group) 

A forbidden “cyclic” transition state for nucleophilic 
substitution with retention 

In contrast, electrophilic substitution reactions, which can be regarded as pericyclic reactions of two-electron systems, 

frequently proceed with retention of configuration, in spite of possible unfavorable steric effects. 

TThe term racemization refers here to processes resulting in both inversion and retention at the chiral center at 

which substitution is taking place. Of course, the products of a racemization process may still be chiral if the starting mate¬ 
rials contain more than one chiral center. 

174 
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with unshared electron pairs. In such cases, nucleophilic substitution reactions frequently proceed 

entirely, or almost entirely, with retention of configuration! For instance, the reaction of trans-2- 

iodocyclohexanol with hydrochloric acid yields frans-l-chloro-2-iodocyclohexane (Eq. 1). None 
of the cA-isomer is obtained.1 

Saul Winstein and H.J. Lucas at UCLA demonstrated that nucleophilic substitutions in 

acyclic molecules can also proceed with retention of configuration if the (3-carbons bear halogen 

atoms. Reaction of the chiral bromohydrin 1 with fuming hydrobromic acid, for instance, yielded 

only me50-2,3-dibromobutane, the product of substitution with retention.2 

Br CFL Br CH 
\ U>H HBr \ />H 
,C- —c ,C —C 

H'V \ HV \ 
h3c OH h3c Br 

meso-2,3-dibromobutane 

(2) 

Reaction of fuming hydrobromic acid with bromohydrin 2 (a diasteromer of 1)* yielded 

none of the meso dibromide. Instead, 2 was converted into racemic 2,3-dibromobutane (that is, 

into an equimolar mixture of 2R,3R- and 2S,3S-dibromobutane).2 

Br H Br H H Br 
\ >ch3 HBr \ ->CH3 H3CV' / 
,c- -C 3 ,c —c + c- -c. 

HV \ HV \ / V'H 
h3c OH h3c Br Br ch3 

2 

That is indeed a remarkable result. Not only did the attack at C2 (the carbon bearing the hydroxy 

group) proceed with exactly 50 percent inversion and 50 percent retention, but C3 must also have 

been completely racemized during the reaction! 

7.2 CYCLIC HALONIUM IONS 

To explain their results, Winstein and Lucas proposed that the bromine atoms in 1 and 2 act as 

nucleophiles, displacing leaving groups from the neighboring carbons to form “cyclic bromonium 

ions,” as shown in Eqs. 4 and 5. 

*In the original papers, bromohydrin 1 was described as having the threo configuration, and bromohydrin 2 the 

erythro configuration, by analogy with the structures of the four-carbon sugars threose and erythrose. 
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,<J—L 
H'V A© 

h3c ^oh2 

Br 
/ \ 

R,S-2,3-dibromobutane 

(meso structure) 

Br or Br 

W''T A© 
H3C 

Br 
/ \ 

C —C R,R and S,S-2,3-dibromobutane 

2 
QJ 
Br or Br 

Each cyclic bromonium ion then undergoes nucleophilic attack by bromide ions to form the 

observed dibromides. (The existence of cyclic bromonium ions had previously been postulated to 

explain the stereospecific anti addition of bromine to alkenes.3) 

The cyclic bromonium ions from 1 and 2 are each formed stereospecifically with inversion, 

since they are formed by processes resembling intramolecular SN2 reactions. The reactions of the 

bromonium ions with nucleophiles (bromide ions) also result in inversion of the geometries of the 

carbons being attacked. Since in reactions with achiral reagents each end of either cyclic bromo¬ 

nium ion is indistinguishable from the other end, exactly 50 percent of each ring-opening reaction 

takes place at each end. The result is that the bromonium ion from 1 yields solely meso-23-d.ibro- 

mobutane, while the bromonium ion from 2 yields exactly equal amounts of 2R,3R- and 2S,3S- 
2,3-dibromobutane. 

It is important to understand that there are no steps in the mechanisms shown in Eqs. 4 and 

5 in which displacements proceed with retention of configuration. The overall retention of con¬ 

figuration in each case occurs as the result of two successive displacements with inversion. 

Iodine atoms are better nucleophiles than bromine atoms, so cyclic iodonium ions are 

formed even more easily than cyclic bromonium ions. (Reaction 1, for example, proceeds via a 

cyclic iodonium ion.) In contrast, chlorine atoms are poor nucleophiles. The formation of cyclic 

chloronium ions is therefore relatively difficult, though not impossible. 2S,3R-3-chloro-2-butanol 

(3), for instance, does not react with fuming hydrochloric or hydrobromic acid. However, thionyl 

chloride, a more powerful reagent, converts 3 into meso-2,3-dichlorobutane (Eq. 6). 

(6) 

Similarly, 2R,3R-3-chloro-2-butanol is converted to the racemic dichloride. These reactions 

undoubtedly proceed by the stereospecific formation and ring opening of cyclic chloronium ions.^ 

Although cyclic halonium ions are only short-lived intermediates in reactions 1 through 6, 

they have much longer lifetimes in less nucleophilic solvents, such as superacids. Olah and his 

group have demonstrated this and have recorded the NMR spectra of cyclic bromonium, chloro¬ 
nium, and iodonium ions in superacid solutions.5 

Nucleophilic substitution with retention of configuration may also occur if other atoms that 

may act as nucleophiles, such as oxygen atoms in alkoxy groups, are located on carbons linked to 
carbons bearing leaving groups. This is illustrated in Eq. 7.6 
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HOAc 

AgOAc 

(7) 

7.3 SULFUR AND NITROGEN MUSTARDS 

Anchimeric Assistance 

Winstein described the participation of a nucleophilic atom in displacement of a leaving group on 

an adjacent carbon as a “neighboring group effect.”7 As we’ve seen, one common result of a 

neighboring group effect is substitution with retention of configuration. Another common result is 

a greatly increased rate of reaction. Such accelerated rates are most dramatically evident in reac¬ 

tions of sulfur and nitrogen mustards. 

During World War I, “mustard gas,” which is actually a liquid aerosol rather than a gas, 

caused thousands of deaths and cases of blindness. The active component of mustard gas is bis- 

2,2'-(chloroethyl)sulfide. The toxic effects of this compound are due to the fact that it reacts 

remarkably rapidly with nucleophiles, including nucleophiles in the human body. Other 2- 

haloethyl sulfides, which are generically known as sulfur mustards, have similar properties. 

ci—ch2ch2— s—ch2ch,— Cl R—s—CH2CH2—X 

mustard gas a sulfur mustard 

In water the hydrolysis of mustard gas, as well as that of other sulfur mustards, proceeds 

with first-order kinetics. The rate, which is unusually rapid, is not affected by the addition of 

hydroxide ions or of most other nucleophiles, even when the nucleophiles replace the leaving 

groups in the reacting molecule. That is very surprising behavior for a primary halide. 

To explain the unusual behavior of sulfur mustards, it was suggested that the initial reac¬ 

tion is displacement of the leaving group by the neighboring sulfur atom, forming a three-mem- 

bered cyclic sulfonium ion (Eq. 8). 

RS—CH,CH-Ql 
rate-limiting 

R Cl0 

S®) 
/ V 

ch2— ch2 c OhL (8) 

fast 

RSCH2CH2OH + HC1 

Cl0 

© 
rsch2ch2oh2 

Like cyclic halonium ions, the cyclic sulfonium ion reacts extremely rapidly with even quite weak 

nucleophiles. Thus, the initial displacement by the neighboring sulfur atom—a first-order 

process—is the rate-determining step.8 
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Sulfur atoms are good nucleophiles, and their intramolecular displacements of chloride ions, 

or of other good leaving groups, usually take place more rapidly than displacements by external 

nucleophiles. (In general, intramolecular substitution reactions have more favorable entropies of 

activation than intermolecular reactions.9) The acceleration of rates of nucleophilic displacement 

reactions due to neighboring group participation has been described as due to anchimeric assis¬ 

tance (from the Greek anchi, “neighbor”).10 
Like other displacement reactions involving neighboring groups, the substitution reactions 

of sulfur mustards proceed with overall retention of configuration, as in Eq. 9a.11 

If the nucleophile in the second step of the reaction of a sulfur mustard does not attack the same 

carbon atom as that which originally held the leaving group, the reaction can result in the migration 

of the sulfur atom, as in Eq. 9b.12 

,/C2H5 

ch3— ch—ch—oh 

c2h5 

HC1 

CS® 
y \ 

CEL—CH- 

<cfi 

-CH, CH3—CH—CH2— SC2H5 

Cl 

(9b) 

Like their sulfur analogs, primary alkyl halides with dialkylamino groups on (3-carbons 

(nitrogen mustards) undergo rapid intramolecular reactions to form charged, three-membered 

rings, as in Eq. 10. However, in contrast to cyclic bromonium or sulfonium ions, the intermediate 

cyclic ammonium ions are relative stable and may not react very rapidly with weak nucleophiles 
such as water.* 

R\ 00) 
/N—CH7CH2—OH R,/ 2 2 

Like sulfur mustards, nitrogen mustards often undergo rapid rearrangement reactions.14 

I 
c2h5 

Rv 

R' 

R" 
:n—ch,ch —ci — 

2 2 fast 

© 
N' 
/ \ 

,R' 
Cl 0 

h2c—ch2 
h,o 

slow 

Thus, in the absence of powerful nucleophiles, the reactions of nitrogen mustards may exhibit complex kinetics. 

In contrast, when high concentrations of good nucleophiles are present, they can react rapidly with the cyclic ammonium 

salts, leaving the intramolecular displacements as the rate-limiting steps.13 An interesting paradox: nitrogen mustards can 

undergo nucleophilic displacement reactions in which the addition of good nucleophiles makes it more likely that first- 
order kinetics will be observed! 
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Effects of Ring Size 

It is interesting to compare the effects of ring size on the rates of formation of cyclic sulfonium and 

of cyclic ammonium salts (Table 7.1 and 7.2). 

Three-membered ammonium rings are formed more rapidly than four-or seven-membered rings. 

This is presumably because the formation of three-membered rings freezes out the motions of fewer 

atoms than the formation of larger rings and results in less unfavorable entropies of activation.9,10 

However, the enthalpies of activation for the formation of relatively strain-free five- and six-mem- 

bered ammonium rings are appreciably lower than for the formation of three-membered rings. Thus, 

the five- and six-membered rings are formed much faster than the three-membered ammonium salts. 

In contrast, three-membered sulfonium rings are actually formed faster than sulfonium rings 

of any other size! This appears to be due, at least in part, to the fact that normal bond angles of 

divalent sulfur atoms are much smaller than bond angles of trivalent nitrogen atoms. Therefore, 

less distortion of bond angles is required to form three-membered rings containing sulfur atoms 

than that needed to form three-membered rings containing trivalent nitrogen atoms, as the dia¬ 

grams on the following page illustrate. 

TABLE 7.1 EFFECTS OF RING SIZE ON RATES OF FORMATION 

OF CYCLIC AMMONIUM SALTS (IN WATER AT 25°C)15 

Br-(CH2)-NH2 - 
^\© 

n 

Number of 

atoms in ring 

Rate relative to formation 

of 3-membered ring 

2 3 1 

3 4 0.014 

4 5 833 

5 6 14 

6 7 0.027 

TABLE 7.2 EFFECTS OF RING SIZE ON RATES OF FORMATION OF CYCLIC 

SULFONIUM SALTS (IN 20% AQUEOUS DIOXANE AT 100°C)16'17 

C1-(CH2)-S-C6H5 c6h5 

n 

Number of 

atoms in ring 

Rate relative to formation 

of 3-membered ring 

2 3 1.0000 

3 4 0.0053 

4 5 0.2000 

5 6 0.0170* 

1-chlorohexane 0.0096 

♦Extrapolated from rate in 50% aqueous acetone at 80°C 
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O 
H^oo° H 

H 

A M 106o hi 

CH, 

H/(9r'n 

H3C'1^'CH3 h3c/^ch_1 
s 

H3C 100° CH. 

Bond angles in molecules containing oxygen, nitrogen, and sulfur atoms 
18 

7.4 TRANS/CIS RATE RATIOS 

We’ve seen that the rates of nucleophilic substitution reactions can be greatly increased by neigh¬ 

boring sulfur and nitrogen atoms. That is not necessarily true for neighboring halogen atoms. 

Although rram,-2-iodocyclohexyl brosylate* does undergo S^l reactions much more rapidly than 

cyclohexyl brosylate, fra/t.s,-2-bromocyclohexyl brosylate undergoes solvolysis in acetic acid at 

only one-tenth the rate of cyclohexyl brosylate, and rran.y-2-chlorocyclohexyl brosylate at only 

about one-thousandth the rate of cyclohexyl brosylate.19 However, electron-withdrawing sub¬ 

stituents, such as halogen atoms, markedly slow down the rates of S^l (and of SN2) reactions. 

The effects of anchimeric assistance by halogen atoms might still be appreciable even if they only 
partially offset the inductive effects of the halogen atoms. 

The effects of anchimeric assistance by halogen atoms can be demonstrated by the data in 

Table 7.3, which compare the solvolysis rates of cis- and rrans-2-halocyclohexyl brosylates. 

In each pair of halides the trans isomer, in which anchimeric assistance by the halogen atom 

is possible, reacts more rapidly than the cis isomer, in which anchimeric assistance is not possible. 

The difference in rate between the two isomers is small for 2-chlorocyclohexyl brosylate, indi¬ 

cating that the chlorine atom is not a very effective neighboring group. However, the rate differ¬ 

ence is much larger for a neighboring bromine and is truly impressive for a neighboring iodine 
atom.’*’ 

Whether in open-chain or cyclic molecules, neighboring group effects will be most evident 

when the leaving group and the neighboring group can easily be placed in a trans, coplanar 

arrangement. For instance, the steroid derivative 4a, in which both bromine atoms are in axial 

positions, reacts rapidly when it is heated in acetic acid. In contrast, its isomer 4b (which is formed 

from 4a on heating, presumably via an intermediate cyclic bromonium salt, as shown in Eq. 12) is 
quite unreactive under the same conditions.21 

*The term brosylate (abbreviated as OBs) is a shorthand way of referring to the p-bromobenzenesulfonate 

Similar terms are used to refer to the p-toluenesulfonate and p-nitrobenenesulfonate groups. 
group. 

ethyl brosylate 
(EtOBs) 

methyl tosylate 
(MeOTs) 

n-propyl nosylate 
(n-PrONs) 

fin assigning the differences in rates between cis and trans isomers to anchimeric assistance, it is assumed that 
the inductive effects of cis and trans halogen atoms will be roughly comparable. 
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TABLE 7.3 RELATIVE RATES OF REACTIONS OF CYCLOHEXYL 

BROSYLATES (IN ACETIC ACID AT 75°C)19 

Relative rates of reaction KranJK 

X = H 1 

X = t rans-C1 4.8 X 10~1 2 3 4 * 

cw-Cl 1.3 X 1(T4 4 

X = trans-Br 0.10 

ri.y-Br 1.2 X 10“4 800 

X = trans-1 1.2 X 103a 

cis-1 4.3 X 10~4b 3 X 106 

aAt24°C 

bCalculated from data from Andrew Streitwieser, Jr., Solvolytic Displacement 

Reactions. McGraw Hill, New York (1962), p. 121. 

In summary, neighboring group effects can result in several changes from the normal course 

of nucleophilic substitution reactions: 

1. Displacements involving participation by neighboring groups proceed with overall 

retention of configurations. 

2. Effective neighboring groups, such as sulfur, nitrogen, and iodine atoms, can greatly 

increase the rates of displacement reactions. 

3. Cyclic compounds in which neighboring groups are trans to leaving groups often react 

much more rapidly than do their stereoisomers in which the neighboring groups are cis 

to the leaving groups. 

4. Displacements involving neighboring groups often result in migrations of the neigh¬ 

boring groups. 
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7.5 NEIGHBORING ACETOXY GROUPS 

When rran.v-2-acetoxycyclohexyl tosylate (5) is heated in acetic acid containing potassium acetate 

trans-l,2-diacetoxycyclohexane (7), the product of substitution with retention, is formed. This 

demonstrates that the acetoxy group can participate as a neighboring group. However, when the 

reaction is carried out in acetic acid containing a small amount of water pure cw-2-acetoxycyclo- 

hexanol is obtained.7 cw-2-acetoxycyclohexanol is also obtained if 5 is heated in acetic acid con¬ 

taining ethanol and the reaction then worked up by the addition of water.22 

To explain these facts, Winstein proposed that the displacement of tosylate by the neigh¬ 

boring acetoxy group yields the cyclic five-membered acetoxonium ion 6 rather than a three-mem- 

bered ring. He suggested that acetate anions attack cyclohexyl ring carbons of 6 to yield the dou¬ 

ble-inversion product 7. However, water adds to the “carboxyl” carbon of 6 to form 8, which then 

opens to form d.v-2-acetoxycyclohexanol. Ethanol similarly adds to 6 to form 9, which can be iso¬ 

lated on very careful workup.23 However, 9 is converted to 8 and then to cA-2-acetoxycyclohexa- 
nol on addition of water. 

8 9 

(13) 

7.6 CYCLIC PHENONIUM IONS 

Participation by Aromatic Rings 

The demonstration that displacements of leaving groups can be assisted by neighboring groups 

with unshared electron pairs led to attempts to determine whether neighboring carbon atoms, 

though lacking unshared electrons, can participate in displacement reactions. 

Donald Cram* at UCLA showed that (2S,3R)-3-phenyl-2-butyl tosylate (10) yielded largely 
racemic 3-phenyl-2-butyl acetate on heating in acetic acid solution. 

*Donald James Cram (bom 1919) shared the 1987 Nobel Prize with Charles J. Pedersen of the DuPont Corporation 

and Jean-Marie Lehn of the University of Strasbourg, France, for their work on crown ethers and host-guest chemistry. 
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(14a) 

In contrast, the 2R,3R-diastereomer 11 was converted to optically active 3-phenyl-2-butyl acetate. 

These results can be explained by assuming the formation of “cyclic phenonium ions” as 

intermediates. The phenonium ion obtained from 10 would have a plane of symmetry and would 

yield equal amounts of two enantiomeric acetates. In contrast, the phenonium ion obtained from 11 

would not have a plane of symmetry. Attack by solvent at either end of the three-membered ring 

would yield an acetate with the same geometry as the starting tosylate.24’25 

Cram also found that if the reactions were stopped before they were complete and unreacted 

10 and 11 were recovered, 10 was recovered in a completely racemic form (Eq. 14c), while tosy¬ 

late 11 had retained its optical activity. 

10 racemic 10 (14c) 

These results could be accounted for if the phenonium ion and the tosy late ion in each case stayed 

together as an intimate ion pair. The tosylate ions would be in a position to attack the three-mem¬ 

bered rings before solvent molecules could intervene. (Winstein later showed that “internal return" 

by tosylate ions was about four times as fast as attack by acetic acid.26) 
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Cyclic, three-membered phenonium ions can now be prepared, and their spectra recorded, in 

superacid solutions. Their spectra are consistent with those expected of cyclopropane deriva¬ 

tives.27 
Reactions resulting in the formation of three-membered phenonium ions can be classi¬ 

fied as intramolecular Friedel-Crafts reactions. However, in most Friedel-Crafts reactions 

nucleophiles can abstract protons from the phenonium ions to reform aromatic rings, as Eq. 15 

illustrates. 

+ C2H5C1 
A1C1, 

H C,HS 

X 
C2H5 

X 
| 0A1C14 —* + HC1 + A1C13 

(15) 

A cyclic phenonium ion cannot undergo loss of a proton from the six-membered ring. Instead, the 

three-membered ring is attacked by a nucleophile, with the aromatic ring acting as a leaving 

group. 

Migrations of Aryl Groups 

Except when steric factors interfere, phenyl groups and other aryl groups are usually much better 

migrators in rearrangements of carbocations than are alkyl groups. The migrations of aryl groups 

usually yield rearrangement products with inverted configurations at both the migration origins 

and the migration termini, as illustrated in Eq. 16.25 

H'V 
c2h5 

H 
,>CH3 

C 3 
\ 
OTs 

C2H5, 
H 

/ 
TsO 

C— C. 
VH 
ch3 

,c— 
H'V 

c2H5 

H 
>CH3 

c 3 
\ 
OAc 

jHOAc 

H 
c2h5<. 

+ 
/ 

AcO 

C— C. 
Y'H 
ch3 

(16) 

This demonstrates that migrations of aryl groups proceed by way of intermediate “arylonium” 

ions. In contrast, migrations of alkyl groups in open-chain molecules usually result in appreciable 
racemization at both migration termini and migration origins. 

Studies of competitive migrations of phenyl groups and substituted phenyl groups in pinacol 

rearrangements (Eq. 17) show that electron-donating substituents increase the migratory aptitudes 

of the substituted rings, and electron-withdrawing substituents decrease their migratory apti¬ 

tudes.29 Hammett plots show excellent correlations between relative rates of migration and a+ 

constants, as would be expected if the rates of migrations of the phenyl groups depend on the rates 
at which they undergo electrophilic attack. 
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OH OH 
Ar. | | .Ar 

.C—C 
c6h5/ ^c6h5 

h2so4 

Ar O O CfiH, 
I II II I 

Ar—C—C—C.H, + Ar—C—C —Ar (17) 
I I 

C6H5 C6H5 

7.7 DOUBLE BONDS AS NEIGHBORING GROUPS 

The /so-Cholesterol Rearrangement 

Double bonds would be expected to participate in displacement reactions even more effectively 

than aromatic rings. The first evidence for such participation was found in reactions of choles¬ 

terol and its derivatives. Cholesteryl tosylate (or cholesteryl chloride or bromide) reacts with 

buffered methanol solutions to form a rearranged methyl ether containing a three-membered ring 

(Eq. 18). 

R 

ch3oh 

KOAc 

R 

(18) 

The cyclopropyl ring is formed by displacement of the leaving group with inversion of the geom¬ 

etry of the chiral carbon, while the methoxy group enters from the face of the starting material 

from which the leaving group departed. The process is known as the iso-cholesterol (or /-choles¬ 

terol) rearrangement. If acid is added, the Ao-cholesteryl ether is converted back into a choles¬ 

teryl derivative.30 
Winstein and Adams showed that displacement reactions of cholesteryl tosylate are about 

100 times as rapid as reactions of cyclohexyl tosylate. They suggested that the double bond par¬ 

ticipates in displacement of the leaving group to form an allylcarbinyl (or homoallylic) cation, in 

which the charge is distributed between the two ends of the cation (Eq. 19).31 
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Formation of an allylcarbinyl cation 

In contrast to the rapid reaction of cholesterol tosylate, no obvious rate enhancement was 

observed in displacement reactions of 4-chloro-l -butene, in which the charge in an intermediate 

allycarbinyl cation would be distributed between two primary carbons.32 Tosylate 12, on the other 

hand, was found to react about 1200 times as rapidly as ethyl tosylate. The reaction yields a cyclo¬ 

propane derivative as well as the simple displacement product.33 

H3C' 

h3ct 

XH7CH7OTs h3c. 
:c=c hoac 3 

XH7CH7OAc H,CX H/CH, 
:c=cf 2 2 + x-cf i - 

'H 45°c h3C' 'H H3CT 'CH, (20) 

12 

7-Norbornenyl Cations 

The largest rate enhancement caused by a neighboring double bond is observed in the solvolysis of 

fl«ri-7-norbornenyl tosylate (13),* which reacts 107 times as rapidly as its syn isomer, 14,34 and 

1011 times as rapidly as 7-norbornyl tosylate (15)!351 Tosylate 13 reacts stereospecifically, with 

retention of configuration. 

*The trivial names norbomane and norbornene are derived from the name of the terpene derivative bomane. They 

refer to molecules with the same bicyclic ring structure as bomane but lacking three methyl groups found in bomane. 

In the IUPAC system, compounds 13 to 15 are named as derivatives of bicyclo[2.2.1]heptane. In names of bicyclic 

molecules, the numbers in brackets specify the number of atoms in each “bridge” linking the “bridgehead” atoms, which 

are common to two or more rings. The number of atoms in the largest bridge is specified first, then the number of atoms in 

the next largest bridge, and finally in the smallest bridge. In identifying the atoms, a bridgehead atom is labeled atom 1, and 

numbering is continued along the largest bridge to the other bridgehead, then along the next largest bridge, and so on. 

Two examples are illustrated here: 

exo-2-chlorobicyclo[2.2.1 ] heptane A-6-bicyclo[3.2.2]nonene 

^-norbomyl sulfonates and halides are less reactive than other secondary alkyl halides and sulfonates, presumably 

because the rigid ring structure compresses the C-C-C bond angle at Cl. This inhibits the normal expansion of the bond 

angle that occurs when a tetrahedral carbon is converted to a planar carbocation. The increased reactivity of 14 compared 

to 15 has been attributed to participation of C6 in the ionization process, but it seems more likely that it results from the fact 

that the double bond in 14 spreads apart the “sides” of the ring, thus increasing the bond angle at C7 compared to 15. 
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Winstein and his co-workers proposed that the “nonclassical” ion 16a was formed as an 

intermediate in reactions of rmri-7-norbornenyl derivatives. 

That a carbocation having some “cyclopropane-like” characteristics is formed is supported by the 

fact that reactions of 13 in basic media can yield products containing cyclopropane rings, as shown 

in Eq. 23.36 

Methoxide ions attack the carbocation exclusively from the endo side of the ring, although sub¬ 

stitution reactions of norbomyl derivatives are usually much faster from the exo side than from the 

endo side (see page 197). 
Several factors may contribute to the remarkably rapid reaction rates of anri-7-norbomenyl 

derivatives. For one thing, the developing cation at C7 of the 7-norbornenyl system can interact 

with the center of the double bond, which is the region of greatest electron density. In a typical 

homoallylic cation, in contrast, the cationic carbon can interact with only one end of the double 

bond. In addition, in norbomenyl ring systems the five-membered rings are distorted far from pla¬ 

narity, so that C7 is relatively close to the double bond. In comparison, 4-bromocyclopentene (17), 

in which the ring is nearly planar, appears to exhibit no special rate acceleration on heating in 

water.37 
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(However, the chiral tosylate 18 does react with retention of configuration in buffered formic acid 
solution.38) 

(24) 

18 

Finally, it should be noted that the cyclic array of three p orbitals containing two electrons in 

the 7-norbomenyl cation can be regarded as a “bishomoaromatic” ring system. If the 7-norbor- 

nenyl cation does indeed have some degree of aromatic stability, the transition states in reactions 

of anh-7-norbornenyl tosylates should share part of that stabilization energy. 

© 

A cyclic array of electrons in the 7-norbomenyl cation 

The suggestion that the 7-norbomenyl cation has a highly delocalized, “nonclassical” struc¬ 

ture was not universally accepted. H.C. Brown suggested that it might actually be a rapidly equi¬ 
librating mixture of cations 16b and 16c.39 

16b 

fast 

? 

16c 

Paul G. Gassman and his co-workers tested this possibility by introducing methyl groups onto the 

double bond of an anri-7-norbomenyl derivative. If a positive charge were developed at only one 

end of the double bond at any given time, an alkyl group at that carbon should have assisted in the 

formation of the 7-norbomenyl cation. However, a second alkyl group on the other carbon of the 

double bond should have had little effect. It was found that a second methyl group on the double 

bond had almost as large an effect on the solvolysis rate as the first methyl group.40 
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Relative rates of reaction: 1.0 13.3 148 
(in dioxane/water at 140°C) 

This result supported a structure for the transition state in which both ends of the double bond 

share the positive charge at all times. 
(The solvolysis reactions of the rm//-7-norbornenyl derivatives 19 yielded products that 

retained the original anti configurations if the phenyl groups at C7 were unsubstituted or were 

substituted with electron-withdrawing groups. 

(25) 

However, mixtures of anti and syn isomers were formed when the substituents were p-dimeth- 

ylamino or p-methoxy groups (Eq. 26). 

3 in 3 

(CH, 

(26) 
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This suggested that a strongly electron-donating substituent can stabilize the carbocation suffi¬ 

ciently so that participation by the double bond is no longer a factor.41) 

Aromatic rings fused to rmri-7-norbornenyl rings can also participate in displacement of 

leaving groups at C 7 (Eq. 27), although, not surprisingly, the degree of anchimeric assistance is 

much smaller than for participation by a double bond.42 

Remarkably, cycloheptatrienyl cations can also act as neighboring groups in the 7-norbornyl sys¬ 
tem (Eq. 28).43 

7-chloronorbomadiene (20) reacts about 750 times as rapidly as anti-7-chloronorbomene 

in acetic acid solution.44 It was originally suggested that both double bonds might assist in stabi¬ 

lizing the carbocation, as in structure 21, or even that they might interact with each other as well, 
as in structure 22. 

However, NMR studies indicate that the orbital at C7 interacts strongly with only one double bond 

at a time 45 It requires an activation energy of at least 19.5 kcal/mol to “flip” the C7 bridge from 

interaction with one double bond to interaction with the other.46-48 The increased reactivity of 
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the 7-norbomadienyl system, therefore, is presumably due primarily to the effect of the second 

double bond in expanding the bond angle at C7. 

7.8 CYCLOPROPANE RINGS AS NEIGHBORING GROUPS 

The cyclopropyl group appears to provide greater anchimeric assistance to the formation of car- 

bocations than any other hydrocarbon group. Cyclopropylmethyl bromide, for instance, reacts 

about 40 times as rapidly as allyl bromide in aqueous ethanol solution,32 while cyclopropylmethyl 

tosylate undergoes solvolysis in acetic acid nearly 90 times as rapidly as benzyl tosylate and 

123,000 times as rapidly as ethyl tosylate!49 
Reactions that appear to proceed via the formation of cyclopropylmethyl cations usually 

yield mixtures of cyclopropylmethyl, cyclobutyl, and allylcarbinyl derivatives32 50 (Eq. 29). 

—CH2C1 

a|h2° 

ch2oh + 

48% 47% 5% 

Products with allylcarbinyl structures are likely to be minor products when the rearrangements 

are carried out in nucleophilic solvents. However, they are usually the most stable products, and 

they become the major products if the reactions are run under conditions in which the kinetic prod¬ 

ucts can undergo further rearrangements. 
Reactions of cyclobutyl derivatives under conditions likely to form carbocations yield the 

same products, in approximately the same ratios, as those formed from cyclopropylmethyl deriv¬ 

atives. This suggests that the same carbocations are formed as intermediates in reactions of both 

types of molecules.32,50 
John D. Roberts and his co-workers examined the products obtained from cyclopropyl¬ 

methyl cations formed by diazotization of cyclopropylmethylamine labeled with 14C at Cl.51 They 

found that the radioactive carbon was unequally distributed among the three methylene groups in 

the cyclobutanol and between the carbinol carbon and the ring carbons in the cyclopropylmethanol 

obtained from the reaction, as shown in Eq. 30. 

(29) 

ch2oh + ch2=ch—ch2ch2oh 

HONO 

h2o 

35.8% °'7% OH 
\_:/ 

+ 

/ \ 
28.1% 35.8% 

48.3% 

53.2% 

1 
-ch2oh (30) 

It was later shown that solvolysis reactions of deuterium-labeled cyclopropylmethyl tosylate and 

cyclobutyl tosylate similarly resulted in unequal distributions of the isotopic label among the meth¬ 

ylene groups of the products.52 
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Roberts and his group had initially suggested32 that dissociation of a cyclopropylmethyl 

derivative results in the formation of a “tricyclobutonium” ion, in which the cationic center inter¬ 

acts with the bond linking the two methylene groups of the cyclopropane ring. 

A tricyclobutonium ion 

However, if tricyclobutonium cations were formed any radioactive label should be equally 

distributed among the three methylene groups of the cations and of their reaction products. Since 

radioactivity was not equally distributed among the methylene groups, Roberts proposed that ion¬ 

ization of a cyclopropylmethyl (or cyclobutyl) derivative yields a “bicyclobutonium” ion, in which 

the cationic center interacts with one neighboring bond of the cyclopropyl ring. Isomerization of 

one bicyclobutonium ion to another could distribute isotopic labels among the methylene groups. 

© 
*CH2 

*CH 
© ' 

* 

Equilibration of bicyclobutonium ions (arrows in 
structures indicate interactions of bonds with empty orbitals) 

The NMR spectra of several cations formed from cyclopropylmethyl derivatives in 

superacid solutions, however, are inconsistent with bicyclobutonium structures. Instead, the ions 

appear to have structures in which the planes of the cationic carbons bisect the cyclopropane 

rings.53-54 The stability of these “bisected” structures may be attributed to the fact that the cationic 
center can simultaneously interact with two “bent bonds” of the cyclopropyl ring.* 

A “bisected” cyclopropylmethyl cation 

*In contrast to substituted cyclopropylmethyl cation such as that shown above, the bisected and bicyclobutonium 

structures of the parent cyclopropylmethyl cation appear to be roughly equal in energy and are rapidly interconverted in 
superacid solutions.55 
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The effects of substituents on the solvolysis rates of cyclopropylmethyl derivatives suggest 

that the transition states for the reactions are also lowest in energy when the developing cationic 

center can interact with two sides of the neighboring cyclopropyl ring rather than one—that is, 

when the transition states resemble the bisected cations. For instance, molecules 23 to 25 all react 

more rapidly in acetic acid than does the parent cyclopropylmethyl derivative, and they all react at 

approximately the same rate. This demonstrates that the positive charges in the transition states are 

equally shared by two carbons of the cyclopropyl ring.56 

(H.C. Brown and his group demonstrated that a cyclopropyl substituent in the para posi¬ 

tion greatly increases the solvolysis rate of a tertiary benzylic chloride. 

(CH,),C— Cl 

X 
(CH3)7C— Cl 

X 
(CH,),C— Cl 

X 
(CH3)7C—Cl 

X 
(CH,),C—Cl 

X 
T 

CH 
h3c^ ^ch3 2 c ^j^S^CH3 h3c^^ ^^CH, 

1.0 17.8 157 172 37.1 

Relative Solvolysis rates (in aqueous acetone) 

Placing a single methyl substituent at a meta position, in addition to the cyclopropyl group at the 

para position, results in a slight further increase in the rate of reaction. However, a second meta¬ 

methyl substituent markedly decreases the rate, presumably because it forces the transition state to 

adopt a conformation similar to that of ion 26 rather than one similar to the bisected ion 27. ) 

26 27 
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The fact that the positive charges in transition states for the formation of cyclopropylmethyl 

cations can be shared among three carbon atoms is presumably responsible for the great reactivity 

of cyclopropylmethyl derivatives. 

7.9 NEIGHBORING ALKYL GROUPS: 2-NORBORNYL CATIONS 

Anchimeric Assistance by Alkyl Groups: The "Nonclassical Ion" Hypothesis 

In contrast to phenyl, vinyl, and cyclopropyl groups, alkyl groups can rarely provide anchimeric 

assistance to the formation of carbocations. Even in the solvolyses of neopentyl derivatives, in 

which the migrations of alkyl groups appear to be more or less concerted with the loss of leaving 

groups, there does not appear to be significant evidence for anchimeric acceleration of the reaction 
rates. 

Studies of the 2-norbomyl system, however, have demonstrated that alkyl groups can, under 
special circumstances, act as effective neighboring groups. 

In 1949 Winstein and Trifan reported that solvolysis of e.w-2-norbomyl brosylate (28) in 
acetic acid proceeds 350 times as rapidly as solvolysis of its endo isomer 29. 

Brosylate 28 yields exclusively exo-2-norbomyl acetate. Furthermore, reaction of chiral 28 in 

acetic acid (or aqueous acetone) yields a completely racemic product. In contrast, the products 

from reaction of 29 in aqueous acetone, although significantly racemized, retain some optical 
activity.58 

These observations are precisely analagous to the results of other substitution reactions 
exhibiting participation by neighboring groups: 

1. One stereoisomer reacts far faster than the other stereoisomer. 

2. The more reactive stereoisomer yields substitution products that have completely 
retained the original configuration at the site of substitution. 

3. A compound with several chiral centers, but in which the participation of neighboring 

groups can form an intermediate with a plane of symmetry, yields completely racemic 
products. 
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Winstein and Trifan therefore suggested that the C1-C6 bond acts as a neighboring group in 

reactions of 28, resulting in the formation of the “nonclassical” cation 30 (Eq. 32).* 

(32) 

The formation of cation 30, which has a plane of symmetry through C4, C5, and C6, would 

explain why reaction products from 28 are formed as racemic mixtures. 
J.D. Roberts and his co-workers studied the rearrangements of 2-norbornyl derivatives 

labeled with radioactive carbon at C2. As expected, the radioactivity in the products was equally 

distributed between Cl and C2. However, radioactivity was also found at other positions—a result 

attributed to migrations of hydrogen atoms from C6 to Cl and C2 in the intermediate carbocation 

(Eq. 33). 

*A similar structure had previously been suggested as an intermediate in the camphene hydrochloride-isobomyl chlo¬ 

ride rearrangement shown here:59 

The term nonclassical ion has been applied to a great many types of cations whose structures seemed surprising to the 

chemists writing about them. Since there is no agreement as to what constitutes a classical ion, there is also no agreement 

as to which ions are nonclassical. It has been suggested that only structures such as 2-norbomyl cations, in which some car¬ 

bons appear to have pentavalent (“carbonium ion”) character, should be described as nonclassical ions. 
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Roberts’ results ruled out any hydrogen migrations from C3 to C2 (as in Eq. 34), which might 
have accounted for the racemization of the 2-norbornyl cation.60’61 

(34) 

(does not occur) 

Why should an alkyl group provide anchimeric assistance to the formation of a 2-norbomyl 

cation, while the formation of other carbocations is not assisted by neighboring alkyl groups? 

Several factors might be responsible. As Winstein pointed out, the C1-C6 bonds in exo-2-nor- 

bornyl derivatives are trans to, and almost exactly coplanar with, the bonds between C2 and the 

leaving groups. Thus, the geometry of the ew-2-norbomyl system is exceptionally well suited to 

participation of the C1-C6 bond in the formation of a carbocation at C2. In addition, the norbomyl 

ring system, in which a single carbon links the opposite sides of a cyclohexyl ring, is quite strained. 

As a result, the C1-C6 bond, like bonds in cyclopropyl rings, is “bent” and weak, and its elec¬ 

trons are relatively available to participate in the displacement of a leaving group. It is therefore not 

unreasonable that neighboring group participation by a carbon-carbon a bond might be observed 
in the norbomyl system but not in open-chain systems. 

The Challenge to the "Nonclassical Ion" Hypothesis 

The arguments that the C1-C6 bond participates in forming the 2-norbomyl cation, and that the 

cation has a nonclassical structure, were generally accepted for over a decade, until they were 
reexamined by H.C. Brown in the mid-1970s.62 

Winstein and his group had demonstrated that solvolysis rates of emfo-2-norbomyl deriva¬ 

tives were similar to those of cyclohexyl or open-chain analogs. This was taken as indicating that 
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reaction rates of endo-2-norbornyl derivatives were “normal” and that reactions of their exo iso¬ 

mers were therefore “abnormally” fast. Brown, however, argued that since 2-norbornyl deriva¬ 

tives contain five-membered rings, their reactions should be compared to those of cyclopentyl 

halides and tosylates. (It had long been known that cyclopentyl derivatives are converted to car- 

bocations more rapidly than their cyclohexyl or open-chain analogs.*) 
Exo-2-norbomyl chloride, in fact, undergoes solvolysis only about five times as rapidly as 

cyclopentyl chloride, while the endo chloride is only about one-hundredth as reactive as 

cyclopentyl chloride.63 From this Brown inferred that the endo isomer is unusually unreactive, 

rather than that the exo isomer is unusually reactive. 
Brown also demonstrated that the solvolysis of 31 is 284 times as fast as that of its endo 

isomer and that substitution reactions of 31 proceed with complete retention of configuration. 

Yet the p-anisyl group in 31 stabilizes the cation so effectively that participation by the neighbor¬ 

ing C1-C6 bond should be a negligible factor.64 Furthermore, a wide variety of free-radical, 

anionic, and “molecular” reagents (such as diborane) attack the norbornyl system from the exo 

side, even though it has never been suggested that those reactions proceed by way of “nonclassi- 

cal” intermediates. The exclusive formation of exo isomers from exo-2-norbomyl derivatives thus 

seemed like weak evidence for the formation of nonclassical norbornyl cations. 
Finally, Brown argued that the racemization of exo-2-norbornyl derivatives could be 

accounted for by the rapid equilibration of two “classical” 2-norbornyl cations (Eq. 36) rather 

than by the formation of a single symmetrical cation.61 

Brown’s challenge to the existence of the nonclassical 2-norbomyl cation set off a frenzy of 

activity aimed at determining whether substitution reactions of exo-2-norbomyl derivatives are 

accelerated by anchimeric assistance and whether the 2-norbomyl cation has a symmetrical non- 

classical” structure. (The two questions are related but not identical. It is not inconceivable, for 

instance that two equilibrating ions with relatively “classical’ structures might be formed with 

anchimeric assistance by the C1-C6 bond or that a classical cation might be formed without 

anchimeric assistance and might then rearrange to a nonclassical structure.) 

*For a discussion of the relative reactivities of five- and six-membered rings, see H.C. Brown, J.H. Brewster, and 

H. Schechter, J. Am. Chem. Soc., 76, 467 (1954). 
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At present, the evidence seems to strongly favor the Winstein view on both counts. For 

instance, as is shown in Table 7.4, placing electron-donating groups at C6 greatly increases the 

exo-endo rate ratios for reactions of 2-norbomyl tosylates, while placing electron-withdrawing 

groups at C6 decreases the exo-endo rate ratios so markedly that exo-2-norbomyl tosylates can 

become less reactive than their endo isomers!65 Similarly, the presence of electron-withdrawing 
substituents at Cl effectively eliminates the exo-endo rate differences.66 

These results demonstrate that the positive charge in the developing 2-norbomyl cation must 
be shared among Cl, C2, and C6. 

Thermochemical studies indicate that 2-norbomyl cations in solution are ca. 7.7 kcal/mole 

more stable than would be predicted if they had “classical” structures,67 and that the 2-norbomyl 

cation (a secondary cation) is more stable in the gas phase than the tert-butyl cation.6** 

Finally, a variety of and l 3C NMR in super acids69, as well as the results of theoretical 

calculations,70 strongly suggest that the 2-norbornyl cation has a symmetrical “nonclassical” 
structure. 

TABLE 7.4 EFFECTS OF SUBSTITUENTS ON EXO/ENDO RATE 

RATIOS IN REACTIONS OF 2-NORBORNYL TOSYLATES 

\ 
Y 

exo (X = OTs, Y = H) R If /If 

endo (X = H, Y = OTs) 

ch3 181a 

CH2Br 16a 

co2ch3 3.7a 

F 0.48a 

A 
CN 0.37a 

Y 

H 100b 
exo (X = OTs, Y = H) co2ch3 1.2b 
endo, (X = H, Y = OTs) CN l.lb 

aIn dioxane-water at 25°C. (Ref. 65) 

bIn ethanol-water at (Ref. 66) 
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PROBLEMS 

1. Write reasonable structures for all products expected to be obtained in significant yields from the reac¬ 

tions below. Show the geometries of the products if they can be predicted from the structures of the start¬ 

ing materials. 

a primary halide 

(T.G. Back, J.H.L.Chav, and J.W. Morzycki, Tetrahedron Lett., 32, 6517 [1991]) 

2. Write reasonable mechanisms for the following reactions. 

(C.F. Palmer et al„ PerkinsTrans. 1, 1021, [1992]) 
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It can be argued that reaction (c) provides evidence for the formation of a “classical” 2-norbomyl cation. 

What is the difficulty with assuming solely “nonclassical” ions as intermediates in this reaction? 

S O 
II H,0 II 

(d) cich2cor —hsch2cor 

(S. Creary and M.E. Merhsheikh-Mohammadi, J. Org. Chem., 51, 7, [1986]) 

(e) 

Br 
I 

,CH2 C(CH3)2 
h3c. 

N 

I 
CH, 

N 
I 

CH, 3 ^“3 

(Adapted from J.P. Sanchez and R.F. Parcell, J. Hetero. Chem., 27, 1601, [1990]) 

-CH, 

'CH2Br 

3. Reaction of cation 6 with sodium acetate in acetic acid yields products resulting from the attack of acetate 

anion (or acetic acid) at a saturated carbon. In contrast, water and ethanol add to the carboxyl carbon of 

6 (page 182). Suggest an explanation for the differences between these reactions. 

6 

4. A Hammett plot of log ksubsJkH versus ct+ for the reaction of 19 in dioxane/water yields a curved line, (a) 

Explain this fact, (b) Should the slope of the line (p) be positive, be negative, or change signs with chang¬ 

ing substituents on the aromatic ring? (c) Would the absolute value of the slope of the line be greater 

when the substituents are electron-donating or when they are electron-withdrawing? 

19 



Chapter 8 

Rearrangements of 

Carbanions and Free Radicals 

8.1 CARBANION REARRANGEMENTS 

Sigmatropic Shifts in Hydrocarbon Anions 

Since suprafacial [1,2] migrations in carbanions are forbidden by orbital symmetry conservation 

rules, rearrangements of carbanions are far less common than rearrangements of carbocations. In 

fact, 1,2-shifts of alkyl groups or hydrogen atoms in “carbanions”—that is, in alkali or alkali earth 

derivatives of hydrocarbons—simply do not occur. Suprafacial [1,4] migrations in ally lie car¬ 

banions would be allowed by the Woodward-Hoffman rules. However, there does not seems to be 

clear evidence that such reactions actually occur.1 
NMR studies have revealed several examples of [1,6] hydrogen migrations in pentadienyl 

anions,2* including the rearrangements shown in Eq. 1. No exchange of deuterium takes place 

between anion la and its deuterated analog lb in a mixture of the two, demonstrating that the 

hydrogen migrations are intramolecular processes.2 

*Pentadienyl anions can exist in “W,” “S,” and “U” conformations. “U” conformations appear to be the highest in 

energy. However, the conformations are readily interconvertible at the temperatures needed for [1,6] hydrogen shifts.13 Th 

rearrangements of la and lb are therefore shown as proceeding via U conformations of the anions. 

W S U 

203 
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X3C 

x3c 

^H—CH, 
0 \ “ 
CH C' 

la, X = H 
lb, X = D 

ch3 

cx7—X^ 
H\ / © 

C C(CH3)2 

(not detected) 

(1) 

Ek 

© 
CX 

X 
! \ 

C(CH3) 3'2 

[1,6] hydrogen shifts in open-chain pentadienyl anions occur readily at temperatures as low 

as 35°C. In contrast, the cyclic anion 2, in which any hydrogen migrations would have to proceed 

by suprafacial paths, undergoes no thermal rearrangements, even when heated to 150°C! This sug¬ 

gests that thermal rearrangements of pentadienyl anions proceed by antarafacial paths, as pre¬ 

dicted by orbital symmetry conservation rules.2 (Anion 2 does undergo a photochemical [1,6] 
hydrogen migration, as shown in Eq. 2.) 

A possible [1,8] alkyl group migration occurs in the rearrangement of carbanion 3, although 

the possibility of a two-step elimination-addition mechanism has not been eliminated.4 

H 

/ 

X J 

Migrations of allylic groups in carbanions proceed principally by allowed [2,3] shifts, as 
shown in Eqs. 4 and 5.5,6 
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I -50°C 

© jj; 

(C6H5)2CCH2CH— ch=ch2 + 

major product 

©) ^ 

(C6H5)2CCH2CH2CH=CH2 

minor product 

(4) 

(5) 

However, as the reaction temperatures are raised, increasing amounts of 1,2-migration products are 

formed. These products might arise by free-radical dissociation-recombination mechanisms, 

as shown in Eq. 6 or by ejection of allyl anions, which then add to the resulting alkenes (see 

page 208). 

CH® 

(c6h5)2cj> 7/ch2 

CH—CH 

|? (6) 
© © . 

[(C6H5)2C-CH2 <— (C6H5)2C-CH21 

4. -► products 

[CH—CH=CH2 ch2=ch—CH2] 

Addition-Elimination Mechanisms 

Migrations of vinyl groups. In contrast to alkyl groups, vinyl groups and aromatic 

rings do undergo 1,2-migrations in carbanions. However, there is no evidence that these rearrange¬ 

ments proceed by concerted sigmatropic shifts. 
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In 1960 John D. Roberts and his co-workers at MIT found that Cl and C2 of 3-butenyl 

(homoallylic) Grignard reagents slowly interchange positions. They explained this as due to ini¬ 

tial addition of the “carbanionoid” carbon to the double bond (Eq. 7).7* It was already known that 

the resulting cyclopropylmethyl Grignard reagent would be rapidly converted back to a homo¬ 

allylic Grignard. 

CH=CH— CH — CD^MgBr 

CD, 

BrMg —CH2-t-CH 

Qch, 
(7) 

CH 2= CH— CD — CH2MgBr 

The rearrangements of homoallylic Grignard reagents are slow at room temperature. Similar 

rearrangements of lithium reagents can be quite rapid, as shown by the examples in Eqs. 8 and 9.8,9'1' 

Li© 
^ /^Q D 

CH, = CH CH—(CH7),CH=CC 
\ / ^H 

CH, 

CH2=CH 

Li 
I 

CD 
H 

,D 

'H 

CH= CH— CH(CH,)2CH=C A,/D 

(8) 

'H 

£\ 

© Li© 
-ch2 

I ‘ 
ch3c=c—C(C6H5)2 

o°c 
CH3C 

Li 

K c6h5 

\ 

Li 

CH3C =c— CH2— C(C6HD 

c6h5 

(l)CO, 

6 5 2 (2) H© 

co2h 
I 

CH3C=CCH2C(C6H5)2 

(9) 

*Grignard and organolithium reagents are often shown as covalent molecules in this chapter, while organopotas- 

sium and organocesium reagents are usually shown as ionic compounds. A more precise presentation would show all these 

regents with covalent carbon-metal bonds, with the degree of negative charge on the carbon atoms increasing as the elec¬ 
tronegativities of the metal atoms decrease. 

fIt should be noted that Grignard and lithium reagents normally do not add to isolated carbon-carbon double bonds. 

Lithium reagents (but not Grignard reagents) will add to conjugated double bonds, even in intermolecular reactions.10 
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Aryl group migrations. Unlike vinyl groups, phenyl groups or other aromatic rings 

have not been observed to undergo 1,2-migrations in Grignard reagents. However, phenyl groups 

do undergo slow 1,2-migrations in lithium reagents, and rapid 1,2-migrations in organosodium, 

organopotassium, or organocesium reagents, provided that at least one aryl group remains at the 

migration origin to stabilize the resulting anion (Eq. 10).11 

(C6H5)2C-CH2 

M © 

© 
c6h5 

(c6h5)2c-ch2 (10) 

Like migrations of vinyl groups, these rearrangements proceed by addition-elimination 

mechanisms involving three-membered ring intermediates rather than by [1,2] sigmatropic shifts. 

This conclusion is supported by the fact that a para-biphenyl group, which yields an intermediate 

cyclohexadienyl anion stabilized by resonance with the second aromatic ring, migrates almost 

exclusively in preference to the migration of a meta-biphenyl group (Eq. 11). 

In addition, it was found that the cesium reagent 4 reacts with carbon dioxide to yield a cyclo¬ 

propyl derivative as the principal product.11 
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Cs 

© 

© 

3'2 

+ 

ch3 co2h 

ch3—c 
I J I 

C(CH3) 3'2 

c6h5 

(12) 

There was initially some doubt whether migrations of aromatic rings were really rearrange¬ 

ments of carbanions or whether the migrations were actually taking place in free radicals formed 

during the formation of the organometallic reagents. However, the relative migratory aptitudes of 

different aromatic rings are consistent with migrations in carbanions rather than in free radicals.12,13 

For instance, phenyl groups migrate more rapidly than para-methylphenyl groups (Eq. 13).12 The 

para-methyl group would stabilize an intermediate from free-radical attack at an aromatic ring, but 

it would destabilize an intermediate from carbanion attack. 

Li 

(13) 

H3C 

major product 

The rearrangement of carbanion 5 resulted in the migration of the benzyl group rather than 

of a phenyl group. However, radioactivity was incorporated into the product when the rearrange¬ 

ment was carried out in the presence of radioactive benzyllithium. It was therefore suggested that 

the reaction proceeded by an elimination-addition mechanism, as shown in Eq. 14.11 

(CH-CA ^_U^CH,C6H5 Li 

^6^5)2^ CH2 Li * (C6H5)2C=CH2 * (C6H5)2CCH2—CH2C6H5 

5 
(14) 
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A radical dissociation-recombination mechanism (see page 205) does not seem to have been 

excluded, however. 

Rearrangements via homoenolate anions. Since carbanionic centers in homoal- 

lylic anions can add to double bonds to form three-membered rings, one might expect similar reac¬ 

tions to occur much more rapidly in homoenolate anions (anions (5 to carbonyl groups), in which 

the carbanionic sites could add to the carbonyl groups to form cyclopropoxide anions. 

The first evidence for the formation of homoenolate anions (or, rather, for the formation of 

cyclopropoxide anions by abstraction of protons from carbons 3 to carbonyl groups)* was the 

observations that optically active camphenilone (6) undergoes racemization on heating with potas¬ 

sium terf-butoxide at 185°C and that a single hydrogen from a carbon 3 to the carbonyl group can 

be exchanged with deuterium at a rate equal to that of racemization. If the temperature is raised to 

250°C, all eight 3 protons, as well as the bridgehead a proton, can be exchanged with deuterium.14 

KOC(CH3)3 
+ DOC(CH3)3 

250°C 

(and its enantiomer) 

(15) 

Other ketones are converted to less symmetrical cyclopropoxide anions by abstraction of 3 

protons15,16 (or, in one example, by loss of nitrogen from a diimide anion17). In these cases, 

shown respectively in Eqs. 16 and 17, protonation of the anions may result in carbon skeleton 

rearrangements. 

O 
II KOC(CH3)3 

(CH3)3C—C—C(CH3)2 

Q 
O 

(CH3)3CC 
licH, 
Cc(ch3)2 

HOC(CH3)3 (16) 

O 
II H 

(CH3)3C—c—CH2C(CH3)2 

*There does not appear to be any evidence whether homoenolate anions are actually formed as discrete intermedi¬ 

ates or whether removal of protons from carbons (1 to carbonyl groups leads directly to cyclopropoxide anions. 
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© 
N = N O 

II 
,c—ch2cch3 

h3c 

ROH (17) 

o 
11 0 (CH3)3CCCH3 + ROu 

Rearrangements of a-Hetero Carbanions 

1,2- and 1,4-shifts in Wittig rearrangements. Although 1,2-shifts of alkyl groups 

do not occur in hydrocarbon anions, such rearrangements are common in carbanions substituted 

with oxygen, nitrogen, or sulfur atoms. 

In 1942 Georg Wittig reported that the reaction of benzyl methyl ether with organolithium 

reagents resulted in migration of the methyl group from oxygen to carbon (Eq. 18).18 

(18) 

Similar rearrangements have been observed in a wide variety of a-oxycarbanions. However, yields 

of rearrangement products are often low if the ethers can undergo elimination reactions (Eq. 19).19* 

ch3ch2ch2— o—ch2ch2ch3 

I™ 
CH3CH2CH2OLi + CH2=CHCH3 + CH3CH3CH— OLi (19) 

ch2ch2ch3 

97% 2% 
rearrangement product elimination products 

*Unusual reactions occur in the carbanions formed from tetrahydrofuran, which undergoes a fragmentation reac¬ 

tion,20 and from the dihydropyran i, which undergoes an internal nucleophilic substitution reaction.21 
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Wittig originally suggested that the rearrangements proceed by concerted [1,2] shifts. 

However, chiral migrating groups undergo appreciable racemization during Wittig rearrange¬ 

ments.22 Furthermore, alkyl groups from the alkyllithium reagents can be incorporated into the 

Wittig rearrangement products, particularly if excess amounts of alkyllithium reagents are 

employed (Eq. 20) 23 

C4H9Li / \ CH—OLi 

c4h9 

(20) 

In addition, when mixtures of two different ethers are subjected to Wittig rearrangement condi¬ 

tions, crossover products containing parts of both ethers can be obtained.24 

To explain these observations, it was first suggested that the migrating group is ejected as a 

carbanion, which then adds to the carbonyl group formed in the cleavage process. That would 

account for incorporation of alkyl groups from alkylithium reagents into the products (Eq. 21). 

A 
CH—O—R 

Later studies showed, however, that the yields of Wittig rearrangement products increase as 

the migrating groups change from primary to secondary and then to tertiary alkyl groups.25 That is 

the expected result if the migrating groups were free radicals but is the opposite of what would be 

expected if the migrating groups were carbanions. That the migrating groups are indeed free rad¬ 

icals is demonstrated by the fact that migration of a 5-hexenyl group in 7 yields the cyclopentyl- 

methyl derivative 8 as one of the products.26 5-hexenyl radicals are known to cyclize rapidly to 

cyclopentylmethyl radicals, but no such cyclization occurs with the 5-hexenyl carbanion (or car- 

bocation). 

Li 
I 

(C6H5)2C-0-(CH2)4CH=CH2 

7 

(CH2)4CH=CH2 

(C6H5)2C OLi 

+ 

(C6H5)2C OLi 

8 

(22) 

Therefore, it is now generally accepted that Wittig rearrangements proceed, at least in part, 

by homolytic dissociation of the carbon oxygen bonds, followed by recombination of the resulting 

alkyl radicals and ketyl radical anions (Eq. 23). 
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/ V8h-o^r 

/ \ 

/ V_ch_8 

R (23) 

© 
CH—O 

v—/ I 
R 

The incorporation of alkyl groups from alkyllithium reagents can be explained by electron 

exchange reactions of the lithium reagents with alkyl radicals from the ethers, as in Eq. 24.* 

CH3- + CH3CH2CH2CH:°Li@ -* CH3:°Li® + CH3CH2CH2CH2* (24) 

In Wittig rearrangements of allylic carbanions, 1,4-shifts can accompany 1,2-migrations 

(Eqs. 25 and 26).28-30 

(CH,),CH 
\ 
o 
/ 

CH ==CH—CH 
2 © 

(CH3)2CH 
\ 
o 
/ 

CH,—CH=CH 
© 2 

^oc4h9 

CH(CH3)2 o 
/ 

CH,—CH=CH—Ow + CH,=CH—CH 
\ 

© 

x© 

1,4-migration product 

C4H9Li 
,OLi 

CH(CH3)2 

1,2-migration product 

OLi 

+ C4H9 

(25) 

(26) 

Suprafacial 1,4-shifts in carbanions are theoretically allowed processes. However, the ratios 

of 1,4- to 1,2-migration products have been found to increase as the free-radical stabilities of the 

migrating groups increase,29 and the percent racemization of a chiral migrating group was found 

to be the same for 1,4- and 1,2-shifts.31 Thus, it appears that 1,4-Wittig migrations, like 1,2-migra¬ 

tions, proceed by free-radical dissociation-recombination mechanisms. 

*An interesting argument against the possibility that Wittig rearrangements proceed in part by stereospecific con¬ 

certed mechanisms and in part by free radical processes leading to racemization is based on the effects of pressure on the 

reactions. Increasing the pressure from 0.1 to 1000 atmospheres decreases the rate of rearrangement, as would be expected 

if a major part of the reaction proceeded by a dissociation process. However, the percent of racemization during the reac¬ 

tion is unchanged, while it should decrease if concerted rearrangements, which should be relatively unaffected by the 

change in pressure, were accompanying the dissociation processes.27 
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[2,3] Wittig rearrangements. Migrations of allylic groups in Wittig rearrangements 

usually proceed principally via [2,3] paths and result in inversion of the allylic structures (Eq. 

27). 1,2-migrations may also occur, particularly at relatively high temperatures which would favor 

homolytic dissociation steps.32’33 

minor product 

(27) 

(Since allylic protons are more acidic than protons on alkyl groups, it is often difficult to 

form the precursors for [2,3] Wittig rearrangements by abstraction of protons from allyl alkyl 

ethers. However, the appropriate lithium reagents may be formed by electron-transfer reductions 

of thioethers (Eq. 28)34 or by reactions of organotin derivatives with organolithium reagents.35 

Li Naphthalenide 

Ck .S-C6H5 
* c6HsSLi + (yi 

CH— Li 
(28) 

R I 
LiO—CH 

I 
R R 

The latter reaction, shown here as Eq. 29, is sometimes known as the Wittig-Still rearrangement.) 

CH, 
\3 
C=CH? 
/ 2 

c4h-ch 

\)0K® 

CH, 

+ ICH2Sn(C4H9)3 / 
c4h-ch 

C=CH, 

CH, 
/ 3 

c4h9ch=c 
\ 

-v© . CH2CH2CT Li 

OCH2Sn(C4H9)3 

RLi 

CH, 
\3 

OT* 

C4U9 0 

O—CH2 Li :© 

(29) 

Use in synthesis. Many studies have demonstrated that if a carbon-oxygen bond to a 

chiral center is broken in a [2,3] Wittig rearrangement the new carbon-carbon bond will be formed 

with nearly complete transfer of chirality.32’33 In the reaction in Eq. 30, for instance, the allylic chi¬ 

ral center in the product is nearly 100 percent enantiomerically pure. 

CH 

CH 
3\ 

H 

CH, 
\ 
o—ch2c6h5 

C4H9Li 

-85°C 

H' 
C=Ck ,'H 

H- 

LiO* 

XT—CH, 

'C6H5 

(30) 
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(In addition, the carbinol carbon is formed with greater than 80 percent enantiomeric purity. If the 

lithium reagent is formed from a chiral organotin reagent, the rearrangement proceeds with com¬ 

plete inversion at the “anionic” carbon (Eq. 31).36) 

</~\ 

X. 
V'H 
SnBu3 

Since [2,3] Wittig rearrangements can be employed to form new chiral centers with high 

stereoselectivities, they are now widely used synthetic procedures. Such stereospecific processes 

would be highly unlikely if the rearrangements began by dissociation of the carbanions into free 

radicals. It is generally accepted, therefore, that [2,3] Wittig rearrangements proceed by con¬ 

certed, cyclic mechanisms. The use of brackets in describing the order of the rearrangements is 

quite proper. 

rx 
R" 

O 
I 
V'H 
Li 

O0 
I 

VCH7CH=CH7 
H 

(31) 

Rearrangements of Ylides 

Stevens rearrangements. Molecules in which two oppositely charged atoms are 

bonded to each other are known as ylides. Organic ylides are carbanions that are stabilized by pos¬ 

itive charges on neighboring hetero atoms and possibly, in some cases, by interactions with d 

orbitals on those atoms. 

Organic ylides are most commonly formed by reacting quaternary ammonium or phospho- 

nium salts or trialkylsulfonium salts with bases. Ylides in which the carbanions are stabilized by 

carbonyl groups, in addition to the positively charged hetero atoms, can be formed using com¬ 

mon bases such as sodium hydroxide or alkoxides as in Eq. 32b. The formation of less stabilized 

ylides usually requires much stronger bases, such as sodium hydride, sodium amide in liquid 

ammonia, or organolithium reagents (Eqs. 32a and 32c). 

R C4H9Li © 0 
(CH3)4Nu Bru -* (CH3)3N-CH2 ( + C4H10 + LiBr) (32a) 

o o 
© NaOH II © © 

C6H5CCH2N(C2H5)3 -— C6H5C-CH-N(C2H5)3 (32b) 

pi NaH © © 
(CH3)3SU IU -- (CH3)2S-CH2 (32c) 

Less commonly, ylides have been obtained from reactions of organic sulfides or of tertiary amines 
with carbenes or benzyne (Eqs. 33 and 34).38 

\ X— 
N—CH 
/ 

CH2: 
\©/CH 

Nx 
/ XCH 

2 

3 

(33) 
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Alkyl and benzyl groups in ammonium39 and sulfonium40 ylides can migrate from the positively 

charged nitrogen or sulfur atoms to the adjacent negatively charged carbon atoms, as in Eqs. 35 and 36.* 

O O 
II © © II 

C6H5C— CH—N(CH3)2 -* C6H5C— CH—N(CH3)2 (35) 

ch2c6h5 ch2c6h5 

H3C ~ « 

s—CH2 -*• H3c—s—CH2CH3 (36) 

h3c 

These reactions, which are called Stevens rearrangements, are often so rapid that the ylides cannot 

even be detected before they rearrange. Ylides in which the negative charges are stabilized by car¬ 

bonyl groups usually have longer lifetimes and may often be isolated as crystalline salts.41,42 

Stevens rearrangements have proven to be very useful methods for the formation of new 

carbon-carbon bonds. Sulfur ylides are most commonly used for this purpose, since elimination of 

sulfides or mercaptans from the products, as shown in Eq. 37,43 is usually easier than elimination 

of amines.40 However, nitrogen ylides have also proven useful in some cases.44 

Ylides containing allylic anions can undergo 1,4- as well as 1,2-Stevens rearrangements 

(Eq. 38).45 

CH3 
©I © 

C6H5CH2—N—CH—CH=CH2 

ch3 
(38) 

ch2c6h5 
I 

(CH3)2N—CH—CH=CH2 + (CH3)2N-CH=CH-CH2CH2C6H5 

♦Phosphorus ylides (Wittig reagents) do not undergo Stevens rearrangements. 
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1,2-Stevens rearrangements of ammonium ylides often proceed with nearly complete reten¬ 

tion of the configurations of chiral migrating groups.45,46 This initially led to the conclusion that 

the reactions were intramolecular and concerted. However, it was later shown that when Stevens 

rearrangements were carried out in less viscous solvents, where free radicals could more rapidly 

move out of the “solvent cages” in which they were formed, the products were partially racem- 

ized.47 1,4-migrations resulted in the partial racemization of chiral migrating groups even in rela¬ 

tively viscous solvents. 
Further evidence that 1,2-Stevens rearrangements of ammonium ylides proceed by dissoci¬ 

ation-recombination mechanisms came from the demonstration that simultaneous rearrangements 

of two ylides led to the formation of products incorporating parts of both ylides. The percentages 

of such cross products increased as the viscosities of the solvents decreased 47 

Stevens rearrangements of sulfonium ylides also appear to proceed by free-radical dissoci¬ 

ation-recombination processes. They result in significant racemization of chiral migrating groups, 

yield intermolecular cross products from rearrangements of mixtures of ylides, and yield by-prod¬ 

ucts that would result from recombination of free radicals, as shown in Eq. 39.48,49 They also have 

large positive entropies of activation, as would be expected if the initial steps are homolytic dis¬ 

sociations.50 

O 
0 

CH3x©/CH-CC6H5 

I 
ch2c6h5 

o 

ch3s—ch—cc6h5 

ch-c6h5 

o 

CH3S—CH—CC6H5 

+ o 

CH3S—CH—CC6H5 
(39) 

+ c6h5ch2-ch2c6h5 

Perhaps the most convincing evidence that Stevens rearrangements proceed by way of free- 

radical intermediates is the fact that the products from both ammonium and sulfonium ylides show 

CIDNP (chemically induced dynamic nuclear polarization) peaks in their ]H NMR spectra.48,50,51 

CIDNP peaks are exceptionally strong signals that result from the emission of energy rather than 

its absorption, and thus appear as negative peaks in NMR spectra. For instance, negative peaks are 

evident in the ]H NMR spectrum for the reaction in Eq. 39 (Figure 8-1). 

Figure 8-1. ]H NMR spectrum (showing CIDNP peaks) taken in the course of the reaction in Eq. 39.48 
(Reprinted with permission from Elsevier Science, Ltd.) 
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The presence of CIDNP signals in NMR spectra is incontrovertible evidence that a reaction 

product has been formed, at least in part, by the combination or interaction of two free radicals.52* 

Sommelet-Hauser rearrangements. [2,3] migrations of allylic groups in ylides are 

known as Sommelet-Hauser rearrangements. As indicated by the reactions in Eqs. 40 and 41, 

ylides will normally undergo concerted Sommelet-Hauser rearrangements, if possible, in prefer¬ 

ence to Stevens rearrangements. 

CH3 

CH 
CH 

cuf 

\ 

/ 
3 

CH—CH 

2 

ch3 

,ch3 

CH, 
I I 

(CH3)2C=CH—CH— c—CH=CH 

CH, 

(40) 

h2c=ch. 
'C(CH,> 3'2 

CH, 
3\ © /S. 

CH 

C=CH— CH CH3 

/CH3 

f (41) 

(CH3)2C=CH— CH— CH — CH=C(CH3)2 

Sommelet-Hauser rearrangements usually take precedence over Stevens rearrangements 

even when the double bond participating in the reaction is part of an aromatic ring, as in the 

rearrangement of ylide 9.53,54 

JS>, 

© 

CH, 
,1 

Z^/CH2-N(CH3)2 

9 (* = 14C) 

NaNH2 

liq. NHj 

-^-N(CH,)2 
* 2 © 32 

H CH2N(CH3)2 

-CH, 

(42) 

10 

NaNH2 

NH, 

That the Sommelet-Hauser rearrangement of 9 does indeed proceed by a [2,3] migration, rather 

than by a [1,4] shift in the benzylic ylide as in Eq. 43, has been demonstrated by labeling the benz- 

*CIDNP signals are not seen in the spectra of products from free-radical chain reactions, since those products are 

principally formed by reactions of free radicals with fully bonded molecules, rather than by the combination of free radicals. 

Even when the products of a reaction are formed by the combination of free radicals, however, CIDNP peaks cannot 

always be observed in their NMR spectra. CIDNP peaks usually have very short lifetimes, so that CIDNP spectra are typ¬ 

ically taken during the course of a reaction rather than after its completion. Even so, the peaks may exist for too brief a time 

to be detected. 
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ylic carbon with 14C. As predicted by the [2,3] migration mechanism, the radioactive carbon in the 

product appeared in the methyl group on the aromatic ring.53 54 

H3CtJ(CH3)2 

©, CH 
* 

-H- 

(43) 

(does not occur) 

In some instances, Stevens rearrangements accompany Sommelet-Hauser rearrange¬ 

ments, but the products from Sommelet-Hauser rearrangements usually predominate. The pro¬ 

nounced preference for Sommelet-Hauser rearrangements is particularly striking because the 

[2,3] migration mechanism may require forming an ylide by abstracting a proton from a methyl 

group, even though a benzylic ylide should be far more stable. In fact, it has been shown that 

the benzylic ylides are formed preferentially and can be trapped by reaction with benzophe- 

none (Eq. 44).55 However, trace amounts of the methyl ylides in equilibrium with the benzylic 

ylides are sufficient to yield rapid Sommelet-Hauser rearrangements. 

Br .0 

© 
CH2— N(CH3) 

3'3 

+ 

o 

c6h5cc6h5 
NaNH, 

© 
N(CH3)2 
/ 

,CH 

w 
o0 

(44) 

If the ortho positions of the aromatic ring in the ylide are substituted with alkyl groups, the 

final tautomerism steps cannot take place, and methylenecyclohexadienes are formed instead of 

aromatic products (Eq. 45).56 

© 

NaNH, 

liq. NH3 

(45) 

Even methylenecyclohexadiene 10 (page 217), which is very easily converted to its aromatic tau¬ 

tomer, can be obtained if the rearrangement of 9 is carried out employing a minimal amount of 
base.57 

Rearrangements Resulting from Intramolecular Substitution Reactions 

Favorskii rearrangements. The reactions of a-haloketones58 or a,(3-epoxyketones59 

with hydroxide, alkoxide, or amide anions often yield carboxylic acid derivatives resulting from 

the migration of an alkyl group from the carbonyl group to the a-carbon, as in Eqs. 46-48. 
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O O 
NaNH, II (46) 

(CH3)2CH—C—CH2Br -^ (CH3)2CHCH2CNH2 

To distinguish among several possible mechanisms for Favorskii rearrangements, R.B. 

Loftfield prepared 2-chlorocyclohexanone labeled equally with radioactive 14C at the carbonyl 

carbon and at C2. The positions of the radioactive carbons were unchanged in samples of 2-chloro- 

cyclohexanone recovered after reaction of the labeled ketone with solutions of sodium alkoxides. 

However, in cyclopentanecarboxylic acid derivatives resulting from Favorskii rearrangements, 

almost exactly 50 percent of the radioactivity was located in the carboxyl group, and 25 percent 

was at Cl of the cyclopentane ring. The remaining 25 percent was found at C2 and C5 of the ring 

(Eq. 49).60 (The symmetry of the molecule made it impossible to say whether the radioactivity 

was divided between the two carbons or located at only one carbon.) 

RONa KOH 

C—OH 

50% 

(25%) 

(49) 

Loftfield’s results clearly ruled out the direct migration of the methylene group from the 

carbonyl group to the a-carbon, since that would have left 50 percent of the total radioactivity at 

Cl of the cyclopentane ring. Instead, the nearly equal distribution of radioactive carbon between 

Cl and the neighboring ring carbons supported an old suggestion that the products were formed 

from a cyclopropanone intermediate. Loftfield proposed that the symmetrical cyclopropanone 
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ring opened on reaction with base to distribute the labeled carbons between Cl and C2 of the 

resulting cyclopentane ring (Eq. 50).60 

O 0 0 

The formation of cyclopropanones under Favorskii conditions has since been clearly estab¬ 

lished. For instance, 2,3-di-fe/t-butylcyclopropanone, which is relatively unreactive to base, can be 

directly isolated from reaction of an a-chloroketone with sodium hydroxide (Eq. 51).61 

O 
II 

(CH3)3CCH2CCH(CH3)3 

Cl 

o 

NaOH 
(51) 

3'3 

Cyclopropanones with less bulky substituents cannot be isolated from strong base solutions. At 

short reaction times, however, the reaction of 2-chloropentan-3-one with sodium methoxide in 

methanol yielded a hemiacetal, which could be acylated to form a stable derivative of a cyclo- 
propanone (Eq. 52).62 

Cl O 
I II 

ch3chcch2ch3 

o 

c2h5ch—coch3 

CH, 

o (52) 

The reactions of a,a'-dibromoketones with triethylamine yield stable cyclopropenone deriv¬ 
atives (e.g., Eq 53). 
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Et3N KOH 

A 

(53) 

On heating in potassium hydroxide solutions, the cyclopropenones open to form unsaturated car¬ 

boxylic acids, which can also be obtained directly from the starting dihaloketones.63 

If the cyclopropanone intermediates in Favorskii rearrangements are formed by “internal 

Sn2” displacements of halide ions, the reactions should result in inversions of the configurations of 

the halogenated carbons. Reaction of ketones 11a and lib with sodium methoxide in ether or 

dimethoxyethane did indeed yield their inversion products 12a and 12b.64 

However, reaction of 11a with sodium methoxide in the more polar, hydroxylic solvent 

methanol resulted in the formation of a mixture of 12a and 12b.65 Thus, it appears that the dis¬ 

placements of halide ions in Favorskii rearrangements proceed by intramolecular analogs of 

Sn2 reactions in nonpolar solvents but by processes resembling S^l reactions of enolate anions 

in better-ionizing solvents. 
The ring-opening steps in the Loftfeld mechanism are unusual, since they require the for¬ 

mation of hydrocarbon anions as leaving groups. In the absence of resonance stabilization of one 

of the two possible anions, the less substituted alkyl anion is normally formed, as in Eq. 56.59 

Br O 
I II 

h3cch—cch3 

0^c/OCH3 

I 
H,CCH—CH2 

3 0 2 

CH,OH 

(56) 

O 
II 

(CH3)2CHCOCH3 
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These reactions are similar to ring-opening reactions of cyclopropoxide anions (see page 209 and 

Eq. 57).66 In both cases, the relief of angle strain in the three-membered ring allows the ejection of 

hydrocarbon anions as leaving groups. 

O 

ch3ch2ch (57) 

Quasi-Favorskii rearrangements. The Loftfield mechanism requires that ketones be 

converted to their enolate anions as the initial steps in Favorskii rearrangements. However, many 

ketones lacking hydrogens on their unhalogenated a-carbons undergo reactions that yield products 

of Favorskii rearrangements (as in Eq. 58), though often at comparatively slow rates. 

These reactions, which are called quasi-Favorskii (or semi-Favorskii) rearrangements, may also 

occur in bicyclic ketones such as 13, in which enolate anion formation is inhibited because a dou¬ 

ble bond at the bridgehead would be twisted away from planarity,67 and in some enolizable 

ketones, such as cyclobutanones, in which the cyclopropanones formed via the Foftfield mecha¬ 
nism would be exceptionally strained.68 

Despite their apparent similarity to Favorskii rearrangements, quasi-Favorskii rearrange¬ 

ments actually belong among the migrations to electron-deficient centers discussed in Chapter 6. 

The rearrangements appear to proceed by addition of bases to the carbonyl groups, followed by 

[1,2] shifts of the migrating groups accompanying loss of the halide ions. They are closely related 

to other base-catalyzed [1,2] shifts, such as benzilic acid rearrangements, as well as to semipina- 
colic rearrangements. 
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The Ramburg-Backlund reaction. In a Ramburg-Backlund reaction an a-halosul- 

fone reacts with base to yield an alkene formed by joining the two alkyl groups of the sulfone by 

a double bond.69 Sulfur dioxide is eliminated during the reaction. Eqs. 61 and 62 illustrate this 

type of reaction. 

Ramburg-Backlund reactions appear to be closely related to Favorskii rearrangements. After 

the initial formation of a-sulfonyl carbanions, internal nucleophilic displacements of halide anions 

result in the formation of three-membered sulfone rings (Eq. 63). 

B: .© 
H<y SO, Br 

(63) 

(There are no analogs to quasi-Favorskii rearrangements among Ramburg-Backlund rearrange¬ 

ments. Ramburg-Backlund rearrangements will not take place unless the starting halosulfones can 

initially be converted to carbanions that can displace halide ions from the other cx-positions.69) 

In at least one case, a three-membered ring sulfone was isolated when an a-halosulfone was 

treated with base at -78°C.70 Usually, however, the cyclic sulfone intermediates in Ramburg- 

Backlund reactions rapidly lose sulfur dioxide to form double bonds. Unlike cyclopropanones, or 

the intermediates from reactions with dihalosulfones (to be discussed next), they do not react with 

bases to form derivatives of acidic products. 
Ramburg-Backlund reactions of dihalosulfones can result in the formation of alkynes, vinyl 

halides, and salts of sulfonic acids (Eq. 64).69 

S02 
NaOCHj / \ 

C6H5CH2S02CHBr2 hoch3 * r CHBr 
3 C6H5 (64) 

'r 

C6H5C = CH + C6H5CH=CHBr + C6H5CH=CHSof Na® 

If tertiary amines are employed as the bases, however, unsaturated cyclic sulfones (thiirene 1,1- 

dioxides) can be isolated.71 The thiirene dioxides will lose sulfur dioxide on heating to form 

alkynes (Eq. 65). 
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Br Br 

C6H5CH—SO— ch—c6h5 
Et3N 

c6h5 (65) 

c6h5c=cc6h5 + so2 

The Neber rearrangement. Unlike the Favorskii and Ramberg-Backlund rearrange¬ 

ments, the Neber rearrangement does not result in migrations of alkyl groups. Instead, the reac¬ 

tions of oxime tosylates or of iV-chloroimines with strong bases result in migrations of nitrogen 
atoms to form a-amino ketones (Eq. 66).72 

When Neber rearrangements are carried out at low temperatures73 or in the absence of 

hydroxylic solvents,74 it is possible to isolate azirines (cyclic, three-membered ring imines) from 

the reactions (Eq. 67). The azirines can be converted to a-aminoketones on hydrolysis, demon¬ 
strating that they are intermediates in Neber rearrangements.* 

N' 

c6h— c—ch2ch3 
B: © 

j}x 

II ^5 
c6h— c—chch3 

(67) 

NH 
/ \ LiAlH, 

C6H—CH—CHCH3 

N 
// \ 

c6h— c—chch3 
h2o 

O NH, 

C6H— C—chch3 

*The mechanism by which azirine rings are formed in the Neber rearrangement is uncertain. Although the ring is 

shown in Eq. 67 as being formed by a one-step displacement process, there is no evidence demonstrating that the anion 

does not lose a halide or tosylate anion (as shown below) to form a nitrene (see Chapter 9), which then cyclizes to form the 
azirine. 

II © 
c6h5c—chch3 

© & 
N 

I 
c6h5c=chch3 c6h5c=chch3 

N 
// \ 

C6H5C—CHCH, 
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8.2 REARRANGEMENTS OF FREE RADICALS 

The Formation of Free Radicals 

Organic free radicals are often formed by the reac- 

hydrogen bonds, as shown in Eq. 68. 

-’ HX + ^ (68) 

However, hydrogen abstraction processes are seldom useful for forming free radicals with spe¬ 

cific structures, since there are usually several different positions from which hydrogens can be 

removed. 
The reactions of free radicals with aldehydes, however, usually result in selective attack at 

the hydrogens bonded to the carbonyl groups. Thus, acyl radicals are formed when aldehydes are 

heated in the presence of free-radical chain initiators, such as organic peroxides or azoisobut- 

yronitrile (AIBN) (see Eq. 69). The acyl radicals usually lose carbon monoxide to form alkyl or 

aryl radicals of known structure whose reactions, including possible rearrangements, can be stud¬ 

ied. The alkyl radicals, in turn, abstract hydrogen atoms from aldehyde carbonyls, resulting in 

efficient chain processes that lead to the decarbonylation of the aldehydes. 

Decarbonylation of aldehydes. 
tions of other radicals or atoms with carbon- 

\ 

C=N C=N 
I 

(CH3)2C—N= N—C(CH3)2 2 (CH3)2C—C=N + N2 (69a) 

AIBN 

(CH3)2C —CN + 

H 
I 

* (CH3)2C — CN + 

+ \ /^ch3 

+ CO 

+ 

initiation 

(69b) 

(69c) 

> propagation 

(69d) 

Reduction by tin hydrides. Organic radicals of known structure are frequently pre¬ 

pared by reacting organic halides with trialkyltin hydrides. Catalytic amounts of free-radical ini¬ 

tiators are employed to initiate the free-radical chain reactions (Eq. 70). 
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(C4H9)3Sn—H + X- XH + (C4H9)3Sn- (70a) 

(C4H9)3Sn- + (C4H9)3SnBr + (70b) 

(C4H9)3Sn-H (C4H9)3Sn- (70c) 

The overall result of the reaction is to reduce carbon-halogen bonds to carbon-hydrogen 
bonds.75 

Decomposition of peroxides. Thermal cleavage of the weak oxygen-oxygen bonds in 

diacyl peroxides results in the formation of carbalkoxy radicals. The carbalkoxy radicals normally 

lose carbon dioxide to form hydrocarbon radicals, as shown in Eq. 71b, unless the hydrocarbon 
radicals are of unusually high energy.75 

O O 
II r\r\ II 

(CH3 )2CH— c—O—O — CCH(CH3)2 

o 
II . 

2 (CH3)2CH—c—O 
(71a) 

o 
II . 

2 (CH3)2CH—C—O-» 2 C02 + 

Unlike reactions of organic halides with trialkyltin hydrides, the formation of free radicals by 

decomposition of diacyl peroxides does not provide an automatic way to “cap” the resulting rad¬ 

icals. The alkyl radicals may abstract hydrogen or halogen atoms from solvents or from other mol¬ 

ecules in solution or may add to double bonds, thereby initiating free-radical chain processes. In 

the absence of other reagents, the radicals formed by the decomposition of the peroxides may 

form dimerization or disproportionation products, as shown in Eqs. 72 and 73, respectively. 

2 (CH3)2CH- -* (CH3)2CH—CH(CH,)7 
3 2 (72) 

dimerization product 

2 (CH3)2CH 
(71b) 

H 

(CHACH1 CH7—CH—CH CH3CH2CH3 + CH,= CH—CH3 (73) 

disproportionation products 

Despite the complexity of the product mixtures which may arise from thermal decomposi¬ 

tions of diacyl peroxides, significant information about rearrangements of free radicals has been 
obtained from radicals formed by these reactions. 
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Sigmatropic Shifts 

[1,n] rearrangements. Suprafacial [1,2] shifts in free radicals are normally forbid¬ 

den, since the HOMOs of organic radicals and of carbanions are the same. There are, in fact, no 

clear examples of [1,2] shifts of hydrogen atoms or alkyl groups in uncharged organic radi¬ 

cals.76 
(The energy barriers to suprafacial [1,2] shifts in radicals should be lower than those in car¬ 

banions since only one electron would have to be raised to an antibonding orbital in the transition 

state for the rearrangement of a free radical. Molecular orbital calculations indicate that the barri¬ 

ers to the migrations would be further lowered in radicals with strongly electron-withdrawing sub¬ 

stituents, which would lower the energies of antibonding HOMOs in the transition states for “for¬ 

bidden” rearrangements.77 (To put it another way, the more closely a free radical resembles a 

carbocation, the lower is the barrier to a suprafacial [1,2] migration.) 1,2-shifts of hydrogen atoms 

do appear to have been observed in the mass spectra of radicals containing protonated carbonyl 

groups (Eq. 74).78) 

©OH ®OH 

CH—CH—CH—COH —*3— CH3CH—C—COH (74) 

ch3 ch3 

The orbital symmetry barriers to 1,3- (“homo [1,2]”) and 1,4- ( bishomo [1,2] ) shifts 

should be lower than those for [1,2] shifts, since the atomic orbitals at the migration termini would 

have less interaction with the orbitals at the migration origins than in [1,2] migrations. Such 

rearrangements are very rare, but 1,3 and 1,4-shifts of hydrogen atoms do appear to take place if 

the rearrangement steps are highly exothermic. 
Traces of benzyl chloride, presumably resulting from 1,3- hydrogen migrations in 

2-methylphenyl radicals, are obtained from the decomposition of 2-methylbenzoyl peroxide in 

carbon tetrachloride (Eq. 75). CIDNP spectra of benzyl radicals can be observed in that reaction. 

Phenoxy radicals are similarly obtained from reactions that should form 2-hydroxyphenyl radicals 

(Eq. 76). However, the rearrangements will take place only at temperatures above 300 C. 

OH O- 

o 
> 300°C 

(76) 
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Eqs. 77 and 78 show examples of 1,4-hydrogen migrations in free radicals.80,81 

(CH3)3c C(CH3)2 

o 
> 300°C 

(77) 

OCH 

(78) 

In contrast to 1,3- and 1,4-migrations, 1,5-migrations of hydrogen atoms in free radicals are 
common reactions (e.g., Eqs. 79, 80, and 81). 
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(81) 

1,5-migration 1,6-migration 
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1,6-migrations of hydrogen atoms sometimes accompany 1,5-migrations. In fact, the 

enthalpies of activation appear to be lower for 1,6- than for 1,5-migrations.82 The preferred route 

for radicals to attack hydrogen-carbon bonds is in a linear arrangement of the three atoms. Thus, 

enthalpies of activation should be lowest for rearrangements with transition states resembling 

large rings, while entropies of activation would be most favorable (or least unfavorable) for tran¬ 

sition states resembling smaller rings. Rearrangements via transition states resembling six-mem- 

bered rings (1,5-migrations) usually turn out to be the best compromise. 
1,5- and 1,6-hydrogen migrations play important, though often undesired, roles in free-rad¬ 

ical polymerization processes, since they can introduce branching into what would otherwise be 

linear polymers (Eq. 82). 

H 

R— C — CH,— CH—CH — CH 
I 
c6h5 c6h5 c6h5 

R— C—CH — CH— CH2CH2C6H5 
I 

c6h5 c6h5 

C6H5 

CH- 

CH, 

H 
C.H,C=CH, 

(82) 

R— C — CH— CH—CH2CH2C6H5 

c6h5 c6h5 

1,5-migrations of hydrogen atoms in alkoxy radicals have been utilized to selectively intro¬ 

duce oxygen and nitrogen atoms onto unactivated positions of steroid molecules. In the Barton 

reaction the alkoxy radicals are formed by the photolysis of nitrite esters (Eq. 83). 



230 Chapter 8 Rearrangements of Carbanions and Free Radicals 

[2,3] Rearrangements. There appear to be no examples of [2,3] migrations of allylic 

groups in hydrocarbon radicals. Acyloxy groups, however, rapidly migrate to adjacent radical cen¬ 

ters. The bulk of the evidence supports the view that these rearrangements proceed by concerted 

[2,3] shifts. The positions of the carbonyl and alkoxy oxygen atoms are usually interchanged, as 
shown in Eq. 84.84,85 

18 

O' 
I 

o 

'C C6H5 
o 

(CHAC—CH7Br 
Bu3SnH 

ROOR ’ 

18?-c-c6h5 

(CH3)2C—ch9 ~H- 

c6h5 

c 
0^0 

I I 
(CH3)2C—ch2 

(84) 

14 

A two-step mechanism in which the trivalent carbon attacks the carbonyl oxygen of the ester to 

form a dioxanyl radical such as 14 was shown to be incorrect, since dioxanyl radicals do not open 

to acyloxy groups at the temperatures at which the migrations of acyloxy groups take place.86 

Migrations of Peroxy Groups 

Allylperoxy radicals such as 15 undergo allylic shifts of the dioxygen units.87 

15 

Experiments employing isotopically labeled oxygen (in either the peroxide or the atmosphere) 

initially indicated that there is almost no exchange of oxygen atoms between the peroxy radicals 

and atmospheric oxygen.88 Furthermore, in the rearrangement of 15 the peroxy function initially 

remained on the same face of the ring system in the product as in the starting material, although at 

longer reaction times some migration to the opposite face did occur.89 It was also demonstrated 

that the rearrangement cannot proceed via an intermediate carbon-centered radical such as 16, 
because 16 would react with atmospheric oxygen more rapidly than it would reopen to form an 

allylperoxy radical.90 These results were consistent with a concerted [2,3] migration mechanism 
for the allylperoxy radical rearrangement. 

16 

It was later shown, however, that oxygen exchange between the peroxides and atmospheric 

oxygen is indeed possible. The extent of oxygen exchange depends on the viscosity of the sol¬ 

vent, with exchange being most rapid in the least viscous solvents. Loss of facial selectivity in the 
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migration of the peroxy unit is similarly dependent on solvent viscosity.91 This evidence supports 

a mechanism in which the allylperoxy radical dissociates to form molecular oxygen and an allylic 

radical. The two fragments may recombine to form the rearranged allylperoxy radical or, in less 

viscous solvents, may diffuse out of the solvent cage, resulting in an intermolecular rearrange¬ 

ment process (Eq. 86). 

O' 6—6 'o 

K 

o 

(86) 

Rearrangements by Addition-Elimination Mechanisms 

Vinyl groups undergo rapid 1,2-migrations in free radicals. The rearrangements proceed by 

cyclization of the original homoallylic radicals to form cyclopropylmethyl radicals, which may 

then reopen to form rearranged radicals as in Eq. 87.92 

CH. O CH. 

CH = CH—CH—CH9CH 
RO' 

CO + CH9=CH—CHCH, o 

^—ch9 

CH 
r*/ \ 
y CH—CH. 

r/ 
ch9 

CH9= CH—(CH2)2CH3 

o 
II 

RCH 
CH,=CH—CH,CHCH, 

(87) 

However, it is possible to trap the cyclized form if that radical is particularly stable, as in Eq. 88. 
93 

o 
CH \ H aibn ^6n5\C=CHCH CH CH - 
c6h5/ 

CH. 
/ \ 

(C6H5)2CH—CH—CH2 + CO (88) 

1,2-migrations of aromatic rings occur readily in neophyl radicals (Eq. 89) and other radi¬ 

cals with aromatic rings on carbon atoms joined to radical centers, as in Eqs. 90 and 91. 

(CH3)2C-CH2 (ch3)2c-ch2 

(C6H5)3C o (c6h5)2c-oc6h5 (90) 
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The rearrangements are favored by the presence of radical stabilizing groups at the migration origins 

and by substituents on the migrating rings which would help stabilize intermediates resulting from 

radical attack on the rings. However, it has not been possible to trap the postulated cyclic intermediates. 

1,4-migrations of aromatic rings in free radicals are also well known. Two examples are 
illustrated in Eqs. 92 and 93.95 

/V/(CH2)3 C(CH2)3 (92) 
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A transannular 1,5-migration of a phenyl group has also been reported (Eq. 94).96 

1,2-migrations of carbonyl groups have been observed. However, as Eq. 95 shows, it is not 

clear whether the reactions proceed by intramolecular addition—elimination mechanisms or by 

intermolecular elimination-addition paths.97 

O CH, 

CH3C—C—ch2- 

O 
II 

QEC- + CH9=C(CH3) 

CH„ 

3'2 

o 

(95) 

CH3CCH2C(CH3)2 

The degenerate 1,4-migration of an acetyl group shown in Eq. 96 does appear to be an intramole¬ 

cular process,98 as do several 1,4-migrations of nitrile groups in free radicals (as in Eq. 97).99 
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CH3C(CH2)3C=N 
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PROBLEMS 

1. Predict structures for the principal organic products formed in the following reactions. 

(b) 
BUjSnH 

ROOR 

a hydrocarbon, whose NMR spectrum shows no 
peaks for methyl groups 

(c) c6h5ch=ch—ch—s 
©0/CH3 

'CH, 

BuLi 

ch2c6h5 
© I NaNH2 

N CH, 
5 liquid NH3 

ch3 

Br 

(e) 

Br 
I 

(f) C6H5CH=CH—CH—CHCH 

c6h5 

O 

h3c ch2ch 

ROOR a hydrocarbon, whose NMR spectrum shows 

A the presence of one methyl group 

ch2^t 
(h) | H 

(X 0 X=N 
C 

I 
CH, 

a ketone 

(B. Cazes and S. Julia, Bull. Soc. Chem. France, 925, [1977]) 
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2. Suggest reasonable mechanisms for the following reactions. 

H H 

(c) C=C O 
/ \ II 

ch3 ch2ch2ch 

roor 

A 

H CH,CH 
\ / 2 
c=c 
/ \ 

ch3 h 

O Br 
II I 

(d) CH—C—C(CH3)2 + CH2(C02CH3)2 

ch2 

NaOCH, 

o 
II 

(CH3OC)2CHCH2CH — 

(M. Barbier et al., Chem. Comm., 743, [1984]) 

c—coch3 

ch3 

C=N 
I 

(g) CH2=CH—c—cci2 

h3c ch3 

+ -CCL 
cci. 

C=N 

C13CCH9CH—C-CCL 

h3c 
/ \ 

CH, 
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0 
(h) CH — CH=CH—CH=CH — (CH2)3— CH=CH 

(R.B. Bates et al., J. Am. Chem. Soc., 92, 6345 [1970] and 94, 2130 [1974]) 

ch2ch3ch3 

AH5 

(i) 
ROOR 

O "a-1 c6h5 

ch2ch 

(J.W. Wilt, L.L. Maravetz, and J.F. Zawadzki, J. Org. Chem., 31, 3018 [1966]) 

Cl 

© 
CH2S(CH3)2 

Cl 

(j) 
NaOCH, 

(Suggest two possible mechanisms) 

(F. Kurzer and J.N. Patel, Monats. Chem., 118, 1363 [1987]) 

Cl O 

(I) C6H5CH—CCH2C6H5 + NaOCH3 + 

O 

(A.W. Fort, J. Am. Chem. Soc., 84, 4979 [1962]) 

O 
O 

(m) 

(CH2)3— ch2 

o o 
CH, 

CH, 

(n) 

'(CH2)4 I 
(C4H9)3Sn-H 

AIBN 

'Sn(C4H9)3 

(J.E. Baldwin, R.M. Adlington, and J. Robertson, Tetrahedron, 47, 6795 [1991]) 



Chapter 9 

Carbenes, Carbenoids, 

and Nitrenes 

9.1 INTRODUCTION 

Carbenes1 are molecules containing divalent carbon atoms. Each divalent carbon has two unshared 

electrons, which are often shown when writing the structures of carbenes. However, carbenes are 

neutral molecules, not carbanions. 

O 
II 

CH2 (: CH2) :CHCCH3 :CC12 :C=CHCH3 

Some typical carbenes 

It is possible to have several divalent carbons in a single molecule. An extreme example is 

the “hexacarbene” show below.2 

A “hexacarbene” 

The rather vague term carbenoids is used to refer to molecules in which all the carbons are 

tetravalent, but which have properties resembling those of carbenes. (Those properties often 

include the ability to transfer divalent carbons and their substituents to other molecules.) Typically, 

carbenoids have carbon atoms that are simultaneously bonded both to metal atoms and to halogen 

240 
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atoms. It is often difficult to be certain whether a “carbene” reaction in solution is actually the 

reaction of a free carbene or the reaction of a carbenoid. 

Nitrenes3 are compounds, such as :NC6H5, that contain monovalent nitrogen atoms. As with 

carbenes, it is often difficult to be certain whether a particular reaction actually proceeds via a free 

nitrene or via a “nitrenoid” containing a nitrogen atom linked to both an electropositive atom and 

an electronegative atom. 

9.2 FORMATION OF CARBENES AND NITRENES 

Carbenes can be formed from a wide variety of reactions.4 However, in most studies of carbenes 

the carbenes are obtained either from organodiazo compounds or by “a-elimination” reactions of 

organic halides. 
The earliest evidence for the formation of a ketene was obtained from the thermal decom¬ 

position of diazomethane in the presence of carbon monoxide, which resulted in the formation of 

small amounts of ketene (Eq. I).5 

© 0 —n2 co 
H2C=N=N: -f* H2C: -* H2C=C = 0 (1) 

Elimination of nitrogen from organodiazo compounds, as a result either of thermal or of photolytic 

decomposition of the diazo compounds, remains one of the most important methods for the for¬ 

mation of carbenes (Eq. 2).6 

O O 
II A II (2) 

N2CH—COC2H5 N2 + :CHCOC2H5 

The decompositions of organodiazo compounds are frequently catalyzed by salts of heavy metals, 

such as copper, palladium, and rhodium. The products of the catalyzed reactions often resemble 

those from uncatalyzed reactions. However, the intermediates in the catalyzed reactions should 

presumably be classified as carbenoids, in which the “carbenic” carbons are bonded to the heavy 

metal salts in addition to the two substituents of the free carbenes. 
Organodiazo compounds may be conveniently prepared by the Bamford-Stevens reaction,7 

in which the p-toluenesulfonylhydrazone of a carbonyl compound is converted to its sodium or 

lithium salt, which then loses ap-toluenesulfinate anion (Eq. 3). 

Li© 
H CH.Li 0 

(CH3)2C=N-N-S02C7H7 -► (ch3)2c=n-n-so2c7h7 

© © 
(CH3)2C=N=N: + LiS02C7H7 

Diazo compounds may also be prepared by base-catalyzed decomposition of A-nitrosoamides, as 

in Eq. 4,8 
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N=0 

CH3—N—C—OCH3 CH2=N2 + C02 + HOCH3 + H20 (4) 

O 

by oxidation of hydrazones of carbonyl compounds (Eq. 5),9 

HgO 

or by thermal rearrangements of diazirines (Eq. 6).10 

© © 
(CH3)2C=N=N: 

(5) 

(6) 

Halocarbenes are commonly prepared by reactions of strong bases with organic polyhalides 

that lack hydrogens on (3-carbons and therefore cannot undergo the usual (3-elimination reactions. 

Instead, the bases abstract protons from the polyhalogenated carbons (Eq. 7). The resulting car- 

banions then lose halide ions to form carbenes as in Eq. 8.11 

CI3C—H + K® 0OC(CH3)3 -- C13C:0 K® + HOC(CH3)3 (7) 

Cl2C-Q:i K® -* Cl2c: + Cl® K® (8) 

The polyhalides most commonly employed are trihalomethanes (but not trifluoromethane). However, 

dichloromethanes (Eq. 9),12 and even benzylic chlorides (Eq. 10),13 can be converted to carbenes (or, 

more likely, carbenoids) by reaction with very strong bases, such as organolithium reagents. 

CH2C12 + CH3Li -* =CHC1 + CH4 + LiCl (9) 

C4H9Li + LiCl + C4H,0 (10) 

The occurrence of this type of a-elimination reaction was first demonstrated in 1950 by 

Jack Hine, who was investigating the unusual reaction of chloroform with aqueous alkali. That 

reaction results in the formation of carbon monoxide as well as formate anions (Eq. 11). 

CHCI3 

NaOH 

h2o 

o 
11 © 

CO and HCOu 
(11) 

Furthermore, chloroform reacts far more rapidly with bases than does either dichloromethane or 

carbon tetrachloride. These facts, as well as the kinetics of the reaction, can be accounted for by the 

mechanism shown in Eq. 12.14 
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chci3 + 0OH h2o + 

G:CC13 
slow 

:CC12 + Cl0 

:CC12 

X
 

o
 

©
 +

 

fast 
CO or 

©./ 

O 

(12) 

Polyhalides with bromine or iodine atoms can react with organolithium reagents to form 

a-halolithium reagents, which are frequently stable at dry ice temperatures (Eqs. 13a and 13b). 

-100°C 
CH2BrCl + C4H9Li -* LiCH2C1 + C4H9Br (13a) 

CH7Br-, + CH3Li 
-80°C 
-* LiCH.Br + CH3Br (13b) 

At higher temperatures they react to yield products similar to those obtained from carbenes formed 

by other methods. However, the ratios of products can vary depending on the type of halogen,12,15 

suggesting that the a-halolithium compounds act as carbenoids rather than dissociating to form 

free carbenes. 

Carbenoids formed from reactions of dihalides with heavy metals are relatively stable at 

room temperature and are more selective in their reactions than most carbenes. The Simmons- 

Smith reagent, which is formed by reaction of diiodomethane with a zinc-copper couple,16 is an 

important reagent of this type. The exact structure of the reagent is unknown. It is frequently writ¬ 

ten in the form shown in Eq. 14, although it probably exists in polymeric clusters. 

CH2I2 + Zn(Cu) -* [CH2:] ZnI2(Cu) (14) 

Nitrenes are most frequently formed by thermolysis or pyrolysis of organic azides (Eq. 

15).3,17 

Like carbenes, however, nitrenes (or “nitrenoids”) may also be obtained from a-elimination reac¬ 

tions (Eq. 16).18 

+ NaOCH3 

(16) 
+ CH3OH + NaCl 

9.3 SINGLET AND TRIPLET CARBENES 

Every carbene can exist in two possible electronic structures—as a singlet or as a triplet. In a sing¬ 

let structure the two unshared electrons have paired spins and are located in a single orbital, leaving 

a second orbital vacant. (In effect, a singlet carbene resembles a carbocation and a carbanion united 
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on the same carbon atom.) In a triplet structure the two electrons have unpaired spins, and one elec¬ 

tron is located in each nonbonded orbital. Triplet carbenes thus resemble diradicals. 

According to Hund’s rule, triplet forms of carbenes should be more stable than singlet forms. 

(The energy difference between the singlet and triplet structure for a carbene is called the sin¬ 

glet-triplet gap.) Indeed, the triplet form of methylene (CH2) is about 9 kcal/mol lower in energy 

than the singlet form.19 However, most substituents—particularly substituents with unshared elec¬ 

tron pairs—stabilize singlet structures more strongly than triplet structures.20-22 Thus, while most 

hydrocarbon carbenes are more stable in triplet forms, the singlet forms of carbenes with elec¬ 

tron-donating or electron-withdrawing substituents are usually significantly more stable than the 

triplet forms. 

© 0 © © ’ © © 
Cl—c—Cl <—* Cl=c— Cl <—► Cl—C=C1 H2B—CH «—> H2B=CH 

Some singlet forms of carbenes that are stabilized by substituents 

Several heterocyclic carbenes, such as la and lb, are indefinitely stable at room temperature 

and indeed can be even melted at high temperatures and resolidified without decomposition.23 

Br 

lb 

(In contrast, most carbenes are stable only when frozen into matrices of solid argon at 77°K.) Bond 

lengths in these “carbenes” appear to indicate the presence of isolated single and double bonds24 

rather than the more equal bond lengths expected if they actually had aromatic structures, such as 

that shown above as a resonance form for la. However, theoretical calculations indicate that these 

molecules do possess a good deal of aromatic stabilization.25 

Early in the study of carbene reactions, it was suggested that the reactions characteristic of 

triplet carbenes (which would resemble reactions of diradicals) would differ from those charac¬ 

teristic of singlet carbenes.26,27 This principle, sometimes known as the Skell-Woodworth rule, 

has largely held up with time. However, in carbenes with relatively small singlet-triplet gaps, 

intersystem crossing between the singlet and triplet forms is often faster than other reactions of the 

triplets. In these cases, reactions may proceed via the singlet forms, even though only small 

amounts of those forms are in equilibrium with the triplet forms.28,29 

Singlet and triplet forms of carbenes differ in their geometries. The structures of singlet car¬ 

benes are bent close to right angles30 so that the unshared electron pairs can be located in orbitals 

with strong ^-character. In contrast, the structures of triplet carbenes are much closer to linear 

arrangements.31 
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Structure of singlet CH230 

137° f' 

Structure of triplet CH231 

(Several studies have demonstrated that the types of reactions carbenes undergo depend, in part, on 

their geometries. Carbenes forced to adopt relatively linear structures behave as triplets, while 

otherwise similar carbenes that can adopt bent structures behave as singlets.32 For example, the 

reactions of the paracyclophane carbenes 2 (n = 9 to 12) depend on the number of carbons linking 

the para positions of the aromatic rings. When n = 9 or 10, the angle at the divalent carbon must 

be small and the reactions resembled those expected of singlets. If n = 11 or 12, the reactions 

observed were those expected of triplet carbenes.33) 

9.4 ADDITIONS TO DOUBLE BONDS 

Cyclopropane Formation 

The current interest in carbene chemistry stems in large part from the demonstration by W. von E. 

Doering and A.K. Hoffmann, in 1954, that dihalocarbenes can add to alkenes to form cyclo¬ 

propane derivatives in high yields (Eq. 17).34 

Additions to triple bonds can yield cyclopropenes (Eq. 18).35 Other carbenes can similarly add to 

tt bonds to form three-membered rings, although very reactive carbenes, such as :CH2, may exhibit 

many side reactions.1 

The intramolecular addition of carbenes to double bonds has proved to be an extremely use¬ 

ful procedure for the formation of polycyclic molecules, such as those shown in Eq. 19,24 whose 

synthesis in other ways would be quite difficult. 
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(19a) 

(19b) 

ch2chn2 (19c) 

It was observed as early as the nineteenth century that reactive carbenes, such as methylene 

or carbethoxycarbene, even react with double bonds in aromatic rings.37 The initial bicyclic prod¬ 

ucts from reactions of carbenes with benzene undergo rapid electrocyclic reactions to form cyclo- 

heptatriene derivatives, as in Eq. 20a.38 

(20a) 

However, reactions of carbenes with polycyclic aromatic molecules do yield stable cyclopropane 
structures (Eq. 20b).39 

O 
II 

+ n2chcoc2h5 
hv 

(20b) 
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1,4 Addition Reactions 

Carbenes normally add to individual bonds of conjugated dienes to form cyclopropanes, in 1,2- 

cycloaddition processes. 1,4-additions to form five-membered rings are theoretically allowed, but 

they are quite rare. A significant amount of 1,4-addition is observed, accompanying the predomi¬ 

nant 1,2-addition, in the reaction of dichlorocarbene with diene 3, which is fixed in the s-cis con¬ 

formation and in which cyclopropane formation is sterically hindered.40 In the absence of the 

bulky methyl groups, only traces of 1,4-addition products are obtained.41 

However, only 1,4-addition is observed in the reactions of carbene 4 42 

(21) 

(22) 

Retro 1,4-addition reactions of carbenes with dienes can proceed quite easily, provided that 

the reactions result in the formation of aromatic rings and stable carbenes, as in Eq. 23.43 

h3co OCH, 

150°C 

LXJ 
+ (CH30)2C: 

(23) 
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Stereochemistry of Additions to Double Bonds 

Triplet carbenes initially add to double bonds to form triplet diradicals (Eq. 24). 

• ^ 
[CH2-|]' 

h3c 

+ 

H 

CH3 
\ / 3 
c=c 

\ 
H 

/ 

H,C CH, 
\ / 3 
CH—CH 

I 'l 

ch2-i 

h3c ch3 
\ / 3 
CH—CH 

I *t 
CH2-i 

+ 

(24) 

The diradicals must undergo intersystem crossing to singlets, in which the spins of the two odd 

electrons are paired, before they can close to form cyclopropanes. Since rotations around single 

bonds in the triplet diradicals are usually faster than intersystem crossing, additions of triplet rad¬ 

icals to alkenes are not stereospecific.16,27,44 

In contrast to triplet carbenes, singlet carbenes usually add stereospecifically to alkenes, 

forming cyclopropanes that retain the geometries of the alkenes (Eq. 25).45* 

H H 

C1C2: 

Cl Cl 

(25a) 

h3c h 

C1C2: 

Carbenoids, such as the Simmons-Smith reagent (Eq. 2), invariably react stereospecifically, with 
retention of the alkene geometry. 

H H 

H3C(CH2)7 

+ ch2i2 
Zn(Cu) 

(CH2)7C02CH3 H7 
H3C(CH2)7 

V -ch3 

(CH2)7C02CH3 

(26) 

* Singlet carbenes formed photochemically in the gas phase may have such high energies that the resulting cyclo¬ 

propanes can undergo isomerization, resulting in nonstereospecific cycloadditions.26 Other cases in which singlet car¬ 

benes can add nonstereospecifically to double bonds are discussed in the next section. 
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Nitrenes appear to react in a manner similar to carbenes. Singlet nitrenes add stereo- 

specifically to double bonds, as in Eq. 27.46 Triplet nitrenes, as expected, do not add stereospecif- 

ically to double bonds. 

O H CH3 
II .. \ / 3 

CH,OC—N + C=C 
3 / \ 

(CH3)2CH ch3 

o 
II 
coch3 

I 
N (27) 

(CH3)2CH ch3 

Reactivities in Addition Reactions 

Most singlet carbenes add to alkenes substituted with electron-donating groups in preference to 

those substituted with electron-withdrawing groups. Carbenes substituted with halogens or other 

electron-withdrawing groups show the greatest preference for reaction with electron-rich double 

bonds (Eq. 28). However, even methylene itself reacts more rapidly with electron-rich than elec¬ 

tron-poor double bonds.47 

product ratio: 23 1 

The preference of most carbenes for addition to electron-rich double bonds is consistent 

with theoretical studies indicating that in the formation of a cyclopropane the it bond of an alkene 

initially interacts with one lobe of the empty p orbital of a carbene.48 After the transition state is 

passed, the unshared electron pair on the original carbenic carbon can participate in forming the 

cyclopropane ring. The addition of a carbene to a double bond has thus been described as pro¬ 

ceeding by a “two-stage” (or “two-phase”) approach—an initial “electrophilic stage” followed 

by a “nucleophilic stage.”49 However, these two-stage reactions appear to be single-step reactions. 

There is no indication that discrete intermediates are formed in the addition of “electrophilic car¬ 

benes” to double bonds. 
While carbenes will usually add most rapidly to electron-rich double bonds, carbenes sub¬ 

stituted with strongly electron-donating groups, such as methoxy or dialkylamino groups, have 

been found to be nucleophilic reagents.47’50’51 Like most nucleophiles, they react slowly, if at all, 

with simple alkenes but will add rapidly to electron-poor double bonds (Eq. 29).52’53 
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H3CO\ 

h3c^ 

/CN 
+ H,C=C + 

^C1 

H3C 

h3c 
;c=ch. (29) 

Other carbenes, such as p-tolylchlorocarbene, add to both electron-rich and electron-poor double 

bonds in preference to double bonds of alkenes.54 (Carbenes that react rapidly with both strongly 

electron-rich and electron-poor double bonds are called ambiphilic carbenes.) 

RELATIVE RATES 
OF REACTION WITH H3C CC1 

«-butyl vinyl ether 2.41 

1-hexene 1.00 

Diethyl fumarate 6.20 

There is comparatively little information about the stereochemistry of cyclopropane forma¬ 

tion from “nucleophilic” carbenes. However, it was found that the addition of dimethoxycarbene 

to diethyl maleate yielded the trans isomer of the resulting cyclopropane derivative.50 

(CH30)2C= + 

O 
II 

H. /COC.H, 
C * , 

H XOC7H, 
II 
o 

(CHjO^COAH, 

I 

GC\ 
h xo2c2h5 

si (30) 

ch3o /co^H5 

ch3o 
co2c2h5 

While this might indicate that the reaction involves the formation of a zwitterionic intermediate, as 

in Eq. 30, it is also possible that the initial addition proceeds stereospecifically to yield the as-sub¬ 
stituted cyclopropane, which then opens to form the zwitterion. 
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Triplet forms of carbenes are less affected by electron-donating or electron-withdrawing 

substituents on double bonds than are singlet forms. However, triplet carbenes react very rapidly 

with conjugated double bonds. These reactions can form resonance stabilized diradical interme¬ 

diates (Eq. 31).26,27 

(J>26 + CH2=CH— ch=ch2 

triplet 

(31) 

9.5 INSERTION REACTIONS 

Singlet Carbenes 

Singlet methylene, formed by photolysis of diazomethane, can react with alkanes and cycloalka¬ 

nes by insertion into carbon—hydrogen bonds. Remarkably, those reactions show almost no selec¬ 

tivity between different types of carbon-hydrogen bonds. The reaction of methylene with 2,3- 

dimethylbutane, for instance, yields nearly the statistically predicted 6 to 1 ratio of products 

resulting from insertion into the primary and tertiary carbon-hydrogen bonds (Eq. 32).55 

H H 
i I 

(CH3)2C—C(CH3)2 + :CH2 

H3C h h h 
I I I l/CH2CH3 

(CH3)2C-C(CH3)2 + (CH3)2C-C (32) 

product ratio: 17 : 83 

Even the reaction of methylene with cyclohexene yields nearly the statistically expected ratio of 

products from insertion into allylic and vinylic carbon-hydrogen bonds, although the two types of 

bonds differ markedly in bond strength (Eq. 33). 

As a result of these experiments, it was claimed in 1956 that “methylene must be classified as the 

most indiscrimate reagent known in organic chemistry.”55 Nothing observed since that time 

requires significant change in that view. 
Other singlet carbenes are far more selective than methylene. Dichlorocarbene, for instance, 

can insert into allylic or benzylic carbon-hydrogen bonds but does not react with nonallylic pri¬ 

mary or secondary bonds.56 It will insert into some, but not all, tertiary carbon-hydrogen bonds. 

For instance, it will react with cA-decalin (Eq. 34) but not with /rans-decalin.57 (O.v-decalin is 

slightly higher in energy than trans-decalin, because one C-C bond in cw-decalin must be in an 

axial position.) 
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Insertions of singlet carbenes into carbon-hydrogen bonds proceed with retention of con¬ 

figuration, as Eqs. 35 and 36 show.58,59 

H 

H3C 

■c2H5 + 
,Br 

Cl2< 

HgBr 

CHC12 

JC-C2Hs + 4>HgBr (36) 

H3C 

Carbenes do not insert into unstrained carbon-carbon bonds. However, insertions into very 

strained carbon-carbon bonds, such as that shown in Eq. 37, do take place.60 

Remarkably, even addition to two single bonds has been observed (Eq. 38).61 

Triplet Carbenes 

Triplet carbenes can also insert into carbon-hydrogen bonds. Unlike insertions by singlet car¬ 

benes, these reactions appear to proceed by multistep processes. Initially, triplet carbenes abstract 

hydrogen atoms from carbon-hydrogen bonds to form radical pairs, which combine to form the 

insertion products. If recombination occurs within the solvent cage, the products may show 
CIDNP peaks, as does the triphenylethane formed in Eq. 39b.62 

(C6H5)2C = N2 [(C6H5)2C-] -C6HsCH3> [(C6H5)2CH + C6H5CH2] (39a) 

(triplet) 



Section 9.6 Rearrangements 253 

[(C6H5)2CH + C6H5CH2] 

J (39b) 

(C6H5)2CH-CH2C6H5 + (C6H5)2CH CH(C6H5)2 + c6h5ch2-ch2c6h5 

(shows CIDNP peaks) 

9.6 REARRANGEMENTS 

Hydrogen and Alkyl Group Migrations 

1,2-migrations of hydrogens, such as those in Eqs. 40 and 41, occur extremely easily in singlet car¬ 

benes.* (The activation energies for hydrogen migrations in alkyl carbenes appear to be only about 

1 kcal/mol!63) 

H3C —CH -* H2C=CH2 (40) 

Hydrogen migrations in carbenes are usually so rapid that intermolecular addition or inser¬ 

tion reactions of the carbenes cannot compete with their rearrangements to alkenes. However, 

hydrogen migrations in three-membered ring carbenes (cyclopropylidenes) would yield highly 

strained double bonds. Therefore, cyclopropylidenes typically undergo ring-opening reactions to 

form allenes. They can also undergo addition reactions with alkenes (Eq. 42).64 

Alkyl groups in carbenes tend to migrate much more slowly than hydrogens, and their 

migrations are usually barely detectable if hydrogen migrations can occur instead. When hydrogen 

migrations are not possible, 1,2-alkyl migrations can occur, but they must compete with intramole¬ 

cular insertion reactions, as in Eqs. 43a and b. 

H3r 

(CH3)3C—CH -* (CH3)2C=CHCH3 + 

H3 

*It is often difficult to determine whether a rearrangement takes place in a “free” carbene or whether hydrogen or 

alkyl migrations are concerted with loss of nitrogen from diazo compounds. For the most part, we will not be concerned 

with this question but will consider either type of process a “carbene ’ rearrangement. 
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(43b) 

However, alkyl group migrations are common if they result in the expansion of strained rings, as 
in Eq. 44.65 

Alkyl group migrations in nitrenes are more competitive with hydrogen migrations than 

in carbenes, but hydrogen migrations still predominate when they are possible, as Eq. 45 
shows.66 

C3H7CH2N=N=N: 
© © 390°C 

N2 + C3H7CH2N: 

(45) 

h2c=n— c3h7 + c3h7ch=nh 

15% 85% 

The Nature of the Rearrangement Process 

1,2-migrations of hydrogens and alkyl groups in carbenes are often described as insertions of the 

divalent carbons into neighboring carbon-hydrogen and carbon-carbon bonds. However, it seems 

more useful to regard these reactions as analogous to carbocation rearrangements. 

When the relative migration rates of substituted phenyl groups in carbenes are plotted 

against Hammett a+ values for the substituents, for instance, straight lines with negative slopes are 

obtained.67’68 Migrations of aryl groups in nitrenes show similar substituent effects.69 (Aryl groups 

in carbenes and nitrenes usually migrate more rapidly than alkyl groups but less rapidly than 

hydrogens.) These results are similar to those found in carbocation rearrangements. 

R 
\ / 
/C=C (46) 

Migration to an empty orbital of a carbene 

1,2-migrations of hydrogens or alkyl groups in triplet carbenes are essentially unknown. 

However, there is evidence that aryl groups can migrate in triplet carbenes, as in free-radical 
rearrangements.70 
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Rearrangements of a-Halomethylene Anions 

The reactions of 2,2-disubstituted vinyl bromides with strong bases, such as potassium t-butoxide 

or alkyllithium reagents, can result in the formation of acetylene derivatives (Eq. 47).71 

+ K® °OC(CH3)3 (47) 

These reactions have sometimes been described as carbanion rearrangements, since it has been 

shown that carbanions are formed in the initial steps.72 However, they appear to be more accu¬ 

rately described as rearrangements of carbenoids. If the rearrangements are particularly difficult, 

as in Eq. 48, the carbenoids can be intercepted by the addition of alkenes, yielding cyclopropane 

derivatives.71 

The use of isotopically labeled vinyl bromides, as in Eq. 49, demonstrates that aryl group 
** . HA. 

migrations, at least, are stereospecific and that the groups trans to the halogens migrate./J,/ 

(ifX = Br, Y = H) 

Furthermore, aryl groups with electron-donating substituents migrate more rapidly than those 

bearing electron-withdrawing substituents.75 The migrating groups thus appear to be acting as 

nucleophiles, displacing the halide ions as the rearrangement steps take place. 

Rearrangements of Acylcarbenes 

Wolff rearrangements. When a-diazoketones are photoirradiated or heated at high 

temperatures or reacted with silver oxide or silver salts at room temperature, they lose nitrogen and 

rearrange to form ketenes (Eq. 50). 
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The ketenes react rapidly with water, alcohols, and amines. Therefore, the reactions, called 

Wolff rearrangements, usually result in the formation of carboxylic acids, esters, or amides.76 

a-diazoesters can also undergo Wolff rearrangements, resulting in migrations of alkoxy groups 
(Eq. 51).77 

N0 

II 
O N© O 
II II II 

c2h5oc—c—coc2h5 

OC,H, (51) 
I 

n2 + o=c=c—coc9h, 
II 
o 

The available evidence suggests that migrations in thermal Wolff rearrangements usually 

proceed simultaneously with loss of nitrogen and without formation of free carbenes. Some pho¬ 

tochemical Wolff rearrangements, however, have been shown to proceed via the free carbenes, 
which have been identified from their spectra.78 

Since a-diazoketones can be conveniently prepared by reactions of acid chlorides with di¬ 

azomethane (Eq. 52), Wolff rearrangements provide a useful method for converting carboxylic 

acid derivatives to their next-higher homologs. (The entire process, starting with the acid halide 

and yielding the chain-extended acid derivative, is called the Arndt-Eistert reaction.) 

CC1 + ch2n2 
/ \ 11 © 0 (' v>—r—ru — M—xt C—CH=N=N + HC1 

(52) 

(CH2N2 + HC1 
fast 

CH3C1 + N2) 

Wolff rearrangements proceed stereospecifically, with retention of the configurations of the 
migrating groups (Eq. 53).79 

H O 

CH 
3^C—CCHN, 

/ 2 
+ CH3OH 

Ag20 

O 
II 

CH,OC — CTL—C 

CH. 
-H 

CH3CH2 

\ 
ch2ch3 

(53) 

Oxirene formation. A study of the gas-phase photolysis of a-diazobiacetyl labeled with 

isotopic carbon (13C) in the carbonyl group yielded dimethylketene in which the isotopic label 

was equally distributed between the carbonyl carbon and the vinyl carbon (Eq. 54).80 
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O 
II 

2 CH„C—C—CH, 

N„ 

hv 

(C = 13C) 
* 

ch3 ch3 

0=C=c{ + 0—C=c{ + 2N, 
* \ *v 

CH, CHq 
(54) 

Photolysis of other isotopically labeled a-diazoketones similarly showed the isotopic carbon to be 

distributed between the carbonyl and vinyl positions, although not necessarily to an equal degree 

at both positions.81 
Changes in the apparent locations of carbonyl carbons (more accurately described as 

changes in the locations of oxygens) in photochemical Wolff rearrangements appear to be due to 

initial formation of oxirenes, which can open to form mixtures of ketocarbenes (Eq. 55).82 

CH3 CCH 
II 
n2 

hv 

o 
/ \ 

ch3—c=c—ch3 

dimethyloxirene 

(55) 

cch3 + 

o 
.. II 

CH,—C—CCH. 
J J 

In several cases the formally antiaromatic oxirenes have been identified and can be isolated in 

solid argon matrices.83,84 
Oxirene formation appears to occur only when the a-diazoketones maintain conformations 

in which the carbonyl oxygens are anti to the departing nitrogen molecules. Little, if any, oxygen 

migration occurs in small cyclic diazoketones, in which the oxygen and the diazo group are fixed 

syn to each other as in Eq. 56,85 or during thermal decompositions of a-diazoketones. Thermal 

decompositions apparently occur in conformations in which potential migrating groups, rather 

than carbonyl oxygens, are anti to the nitrogens. 

O 

of labeled carbon 

Retro Carbene Rearrangements 

Rearrangements of strained rings. Rearrangements of carbenes to form alkenes are 

typically highly exothermic reactions and are not readily reversible. However, several compounds 

containing very highly strained double bonds undergo rapid hydrogen migrations to form car¬ 

benes (e.g., Eq. 57).86 
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Conversions of tt bonds to carbenes by migrations of groups other than hydrogen atoms are 

even rarer reactions. The migration of an aryl group does occur in the very strained compound 5.87 

It has also been suggested that migration of an alkyl group converts cyclooctyne to cycloheptyli- 

dene at 480°C (Eq. 59).88 However, a complex set of reaction products is formed, and other inter¬ 
pretations of the mechanism are possible. 

The most common reactions in which strained alkenes are converted to carbenes are in the photo¬ 

chemical or thermal ring openings of cyclopropenes.89 (These are actually not rearrangements, in the 

sense of requiring migrations of bonds.) The reactions are reversible, as has been demonstrated by the fact 

that optically active 1,2-diethylcyclopropene is racemized on heating at ca. 175°C (Eq. 60).90 

c2h-c-ch=ch-c2h5 

c2h5 

(60) 
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Depending on the nature of the substituents on the rings, conversions of cyclopropenes to 

vinyl carbenes can take place at temperatures ranging from —20°C to 200°C. At low tempera¬ 

tures, the carbenes can be trapped by reactions with alkenes (Eq. 61).91 

Rearrangements of alkynes. In principle, at sufficiently high temperatures even mole¬ 

cules with unstrained tt bonds might rearrange to form carbenes. In practice, though, such reac¬ 

tions have been observed only in reactions of alkynes. 
Thermolysis of o-tolylacetylene at 700°C yields indene as the only significant product. This 

can best be explained by assuming that an original hydrogen migration forms a vinyl carbene 

intermediate (Eq. 62).92 

H 

Even stronger evidence comes from the thermolysis of biphenylacetylene, which yields 1,2-benz- 

oazulene as a major product (Eq. 63).92 As was discussed on page 246, ring expansion is a com¬ 

mon result of addition of carbenes to aromatic rings. 

The thermolysis of isotopically labeled phenylacetylene results in distribution of the iso¬ 

topic carbon between the two triply bonded carbons (Eq. 64), presumably as a result of successive 

migrations of the hydrogen atom and the aromatic ring.92 

700°C 
HC= 

* 

/ \ (64) 
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As usual in carbene rearrangements, migrations of alkyl groups are much slower than migra¬ 

tions of hydrogens or aryl groups. However, isotopically labeled 1-adamantylacetylene does 
undergo rearrangement at 780°C (Eq. 65).93 

Rearrangements of Arylcarbenes and Arylnitrenes 

Arylcarbenes can undergo remarkably complicated rearrangements.94’95 In 1969 it was reported 

that thermolysis of phenyldiazomethane in the gas phase yields heptafulvalene (6), presumably 

resulting from the rearrangement of phenylcarbene to form a conjugated seven-membered ring 
carbene, which then dimerizes.96 

Shortly thereafter even more remarkable rearrangements were reported: as Eq. 67 shows, o-tolyl- 

diazomethane, m-tolyldiazomethane, and p-tolyldiazomethane all yielded a mixture of benzo- 
cyclobutene and styrene on thermolysis at 420°C !97 

1 + 1 
:Q-L 

(67) 
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The yield of benzocyclobutene was much higher from o-tolyldiazomethane than from its isomers, 

suggesting that o-tolylcarbene was formed as a discrete intermediate before undergoing the 

rearrangement steps that resulted, finally, in the formation of styrene. 

A mixture of benzocyclobutene and styrene was also formed from thermolysis of 7,98 again 

illustrating the ready interconversion of arylcarbenes and molecules with seven-membered rings. 

It seems natural to write the initial product from thermolysis of 7—or the intermediate lead¬ 

ing to formation of heptafulvalene from phenyldiazomethane—as a carbene, as was done in Eq. 

66. However, a slight change in bond angles would allow conversion of the carbene to the cyclic 

allene 1,2,4,6-cycloheptatetraene, depicted below. 

That allene and its methyl-substituted derivatives have been identified from their UV and IR spec¬ 

tra as short-lived products from thermolysis of aryldiazomethanes." Since the allenes are highly 

strained, they might undergo reactions (e.g., dimerization to form heptafulvalene) that appear to be 

characteristic of carbenes. It is thus not clear whether the seven-membered ring “carbene” forms 

actually have any independent existence. In fact, if the “carbenes” were slightly deformed from 

planarity, they would simply be resonance forms of the allenes. 

Possible mechanisms for the rearrangements of arylcarbenes would have to account for the 

fact that p-tolylcarbene labeled with 13C at the exocyclic carbon rearranges to form styrene with all 

the 13C at the para position (Eq. 69).100 

(69) 

Several mechanisms, all quite complex, have been proposed. The following depicts one sug¬ 

gested mechanism for the rearrangement of p-tolylcarbene. 
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Rearrangement of p-tolylcarbene labeled with 13C 

In the first step the carbene rearranges to a seven-membered allene (or carbene). The allene 

could undergo the reverse of this process, reforming the original p-tolylcarbene, or could form m- 

tolylcarbene, as shown in the above diagram. A second sequence of allene formation and reopen¬ 

ing could convert the m-tolylcarbene to o-tolylcarbene, which could form benzocyclobutene or 

could continue with a third sequence of allene formation and reopening to form methylphenyl- 

carbene, which would rearrange to styrene. 

In a somewhat more complex mechanism, which was actually the first mechanism proposed, 

each arylcarbene initially forms a bicyclic cyclopropene, which could then open to form the seven- 

membered ring allene (or carbene) (Eq. 70). 

In fact, similar bicyclic cyclopropene derivatives can be prepared by quite different methods (Eq. 

71) and do undergo rearrangements similar to those of arylcarbenes.101 
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Cl 

(71) 

In a third possible mechanism, supported by quite complex arguments,95 the allenes are in 

equilibrium with bicyclic cyclopropylidenes, in which the divalent carbons “walk” around the 

ring (Eq. 72). 

H 

While it cannot be said that the precise mechanisms of these remarkable rearrangements 

have been established, it has been pointed out that the only intermediates for which direct evi¬ 

dence exists are the arylcarbenes and the cyclic allenes.99 Thus, “Occam’s razor (a preference for 

simplicity) favors the first mechanism shown above. 

Arylnitrenes undergo rearrangements similar to those of arylcarbenes, forming seven-mem- 

bered heterocyclic cumulenes. The same intermediates can be obtained from pyridylcarbenes, 

which are interconvertible with the arylnitrenes (Eq. 73).102 
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PROBLEMS 

1. Account for the different results from the following reactions: 

N„ 
c6h5cch2och3 

N, 

c6h5ch=choch3 

= 90% 

SCH, ii2 A r**3 

c6h5cch2sch3 —> c6h5c—ch2 

= 90% 

(J.H. Robson and H. Schechter, J. Am. Chem. Soc., 89, 7112 [1967]) 
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2. Propose reasonable mechanisms for the following reactions. 

(a) 

© © 
,C=C—CH = N=N 

'CH2CH=CH2 

120°C 

(A. Padwa, Y. Gareau, and S.L. Xu, Tetrahedron Lett., 32, 983 [1991]) 

Zn 

(E. Lewars and S. Siddiqi, J. Org. Chem., 50, 135 [1985]) 

h3cv ^ch3 

(c) (CH3)3CLi + CH2C12 

OH 

(d) + CHCL 
KOH 

0° K® O 
II 

,CH 

(the Reimer-Tiemann reaction) 

OH 

H3C CH, 

(e) + CHC1, 
KOH 

a ketone 

+ Na + 

(P.K. Freeman, V.W.M. Rao, D.E. George, and G.L. Penwick, J. Org. Chem., 32, 3958 [1967]) 

CH, 
O 

(g) H3COCCHN2 + CH=CH—CH3 
265°C 

r 
O OCH, 

(O.M. Nefedov, I.E. Dolgii, and E.A. Shapiro, Izv. Akad. Nauk SSR, Ser. Khim, 1209 (1978); 

Chem. Abs., 89, 108239m [1978]) 
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(h) (CH30)3C: + 

O 
II 

H3COC—c=c— 

o 
II 
coch3 

130°C 

h3coc 

h3co 

h3co ° C=CCOCH, 

(R.W. Hoffmann, W.L. Lilenblum, and B. Dittrich, Ber., 107, 3395 [1974]) 

(A. Padwa and T.J. Blacklock, J. Am. Chem. Soc., 99, 2345 [1977]) 

O 
II 

O 
II •• 

(j) <t>3CC — CH + 4>CHUOH 
iio°c 

(A.L. Wilds et al„ J. Am. Chem. Soc., 84, 1503 [1962]) 

(R.F.C. Brown, F.W. Eastwood, andG.P. Jackman, Aust. J. Chem., 30, 1757 [1977]) 

(H. Tomioka and N. Kobayashi, Bull. Chem. Soc. Japan, 64, 327 [1991]) 

(m) <ch2)6 + C1,C: 

_ Cl 

(CH2)6 

Cl 

Cl 

(W. Koenigstein and W. Tochtermann, Tetrahedron Lett., 28, 3483 [1987]) 



Chapter 10 

Six-Membered Heterocyclic Rings 

10.1 AROMATIC HETEROCYCLIC MOLECULES 

Introduction 

Chemical rings composed of two or more different types of atoms are called heterocyclic rings. 

(Rings composed of just one type of atom, such as those in benzene or cyclopropane, are called 

homocyclic rings.) Organic compounds containing heterocyclic rings are very common. In fact, the 

majority of organic molecules contain heterocyclic rings. However, most of these molecules 

closely resemble open-chain molecules containing the same functional groups. The cyclic amine, 

cyclic ether, cyclic acetal, and cychc imine shown below, for instance, have very similar properties 

to those of open-chain molecules in the same classes of compounds. 

f 1 
CX.0 

H H CH, 

A cyclic amine A cyclic ether A cyclic acetal A cyclic imine 

Heterocyclic molecules are likely to differ markedly from open-chain molecules in only 

two cases: when they contain small, strained rings such as oxirane (ethylene oxide) or three-mem- 

bered amine rings; or when the heterocyclic rings have closed, conjugated arrays of orbitals con¬ 

taining An + 2 it electrons and thus can be considered to be “aromatic” rings.1 Only heterocyclic 

rings with aromatic character will be discussed here. 
The members of one major class of aromatic heterocycles resemble benzene rings in which 

one or more carbon atoms have been replaced by “hetero atoms.” Six-membered analogs of ben- 
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zene containing phosphorus, arsenic, antimony, and even bismuth atoms, for instance, have been 

synthesized.2 However, compounds containing such rings are usually reactive, air-sensitive sub¬ 

stances resembling ylides, since double bonds between carbon and elements in the third and higher 

rows are quite weak. 

In contrast, six-membered aromatic heterocycles containing oxygen atoms are stable and 

easily prepared. However, in these molecules, which are called pyrilium salts,3 the heterocyclic 

rings must exist as cations, rather than as neutral rings. • 

4> 

<l> 

pyridine isoquinoline 

Thus, the most important six-membered heterocyclic rings, by far, are those containing 

nitrogen atoms as the hetero atoms. The parent compound of this class of molecules is pyridine, 

which has the molecular formula C5H5N. Its derivatives in which the pyridine ring is fused to a 

second aromatic ring, thus forming heterocyclic analogs of napththalene, are called quinoline and 

isoquinoline. (The names quinoline and isoquinoline are derived from quinine, which contains a 

quinoline ring. Pyridine, quinoline, and isoquinoline rings are also found in a large number of 
other natural products.4) 

Pyrazines, which contain two nitrogen atoms para to each other, and pyrimidines, which 

have two nitrogen atoms meta to each other, are also quite important. Pyrazine and pyrimidine 

rings are frequently found in naturally occurring molecules. Molecules containing a pyridazine 

ring, with two nitrogen atoms bonded to each other, are less common. 

rNi r^^N: 

^N: 
pyrazine pyrimidine pyridazine 
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All of these molecules have conjugated rings containing 4n + 2 -tt electrons, because the 

unshared electrons on the nitrogen atoms are in orbitals perpendicular (orthogonal) to the orbitals 

of the double bonds. Thus, the unshared electrons on nitrogens are not counted in deciding whether 

these rings are aromatic or antiaromatic. 

Orbital structure of a pyridine ring 

As will be seen ahead, the chemical properties of pyridine and its analogs are consistent 

with those of molecules with a high degree of aromatic stabilization. The presence of aromatic 

ring currents can be deduced from the fact that the signals for ring protons (and ring carbons) in the 

NMR spectra of pyridines lie appreciably downfield from those of analogs lacking closed rings of 

tt electrons.5 

5 7.58 
H 

8 7.20 H 

5 8.70 H N 

'H NMR shifts in pyridine and a nonaromatic analog 

CH 

CH 

3 

3 

Estimating the aromatic stabilization energies of pyridine and its derivatives is even more 

difficult than estimating the stabilization energy of benzene. However, a variety of empirical and 

theoretical methods agree that the stabilization energy of pyridine is close to, although somewhat 

lower than, that of benzene. The stabilization energies of pyrazine and pyrimidine, in turn, are 

somewhat lower than that of pyridine but are still sizable.1 

Naming Molecules Containing Six-Membered Heterocyclic Rings 

In each of the heterocyclic ring systems shown above (except for isoquinolines), a nitrogen atom 

is always designated as atom 1. In naming molecules containing isoquinoline rings, the numbering 

of ring positions begins at the carbon linking the nitrogen atom to the adjacent ring, so the nitrogen 

atom is designated as atom 2. 

4 

5 

6 

'N 

3 

2 

1 

4 

5^^N(3) 

(4) 

.N. 

N 
l 

6\ 
N 
l 

Numbering of ring positions in six-membered heterocyclic rings 

The remaining atoms forming the rings are then numbered in sequence. However, in fused aro¬ 

matic ring systems, such as quinoline and isoquinoline, the atoms common to two rings (which 
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cannot bear substituents whose positions must be specified) are not numbered as part of the normal 

sequences. In poly substituted derivatives of pyridine and pyrazine, the direction in which the ring 

position numbers are assigned is chosen in order to minimize the sum of the numbers. A few exam¬ 

ples of how six-membered heterocyclic molecules are named are given in the following diagram.* 

Cl 

3-bromo-2-methylpyridine 3-methylisoquinoline 2,4-dichloropyrimidine 

10.2 REACTIONS OF PYRIDINE AND ITS ANALOGS 

The pyridine ring can be considered to combine two types of functional groups—an aromatic ring 

and a conjugated, unsaturated imine. To some extent it exhibits the properties of both types of 

molecules, but the properties of each are affected by the presence of the other. 

Reactions at the Unshared Electron Pair 

Protonation. Like most trivalent nitrogen compounds, pyridine is a base and forms salts 
on reaction with acids (Eq. 1). 

N 

+ h2so4 

(1) 

* Atoms common to two aromatic rings are identified by the number of the atom that precedes them in the num¬ 
bering sequence, followed by the letter “a.” 

Six-membered heterocyclic molecules containing more than two fused aromatic rings are usually named as deriv¬ 

atives of carbocyclic ring systems in which carbon atoms have been replaced by nitrogen (aza) atoms. (An exception is the 

acridine ring system, which is important enough to have its own name.) The number of nitrogen atoms in the rings and 

their locations are indicated by prefixes to the names of the carbocyclic rings, as illustrated below.5 

acridine 

(9-azaanthracene) 
3,9-diazaphenanthrene 
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TABLE 10.1 pKa VALUES OF CONJUGATE ACIDS OF PYRIDINES 

Substituent Position pKa of conjugate acid 

N(CH3)2 4 9.70 

och3 4 6.62 

och3 3 4.88 

ch3 4 6.03 

ch3 3 5.60 

H 5.20 

Cl 4 3.83 

Cl 3 2.81 

Cl 2 0.72 

no2 4 1.61 

no2 3 0.81 

Cl, Cl 2 and 6 -2.86 

However, as can be seen from Table 10-1, the basicities of pyridine derivatives are strongly 

affected by substituents. As a result, pyridines with strongly electron-withdrawing substituents 

(particularly at positions 2 and 6) are not basic by the usual standards, such as solubility in aque¬ 

ous acid solutions. 
Although pyridine and its analogs are usually described as heterocyclic amines, they are 

actually imines: compounds containing doubly bonded nitrogen atoms. Pyridine is comparable in 

basicity to other imines and is therefore an appreciably weaker base than most aliphatic amines. Its 

conjugate acid (the pyridinium ion) is about 105 times as strong an acid as are most alkylammo- 

nium ions, which have pKa values around 10. This difference in acidity can be ascribed to the fact 

that the unshared electrons of imines are located in sp2 orbitals, while in aliphatic amines the 

unshared electrons are in higher-energy sp3 orbitals. 

Alkylation. Pyridine and its analogs act as nucleophiles in reactions with alkylating 

agents, yielding quaternary pyridinium salts via SN2 reactions (Eq. 2). 

+ C2H5Br 

r 
c2h5 

(2) 

As usual, elimination reactions may accompany substitution. Thus, reactions of pyridines with 

tertiary halides, in particular, give very low yields of the quaternary salts. 
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Acylation. Pyridines react rapidly with acid halides or acid anhydrides to form N- 

acylpyridinium salts (Eq. 3). 

N 

O 

+ c6h5cci Cl © 

n; © (3) 

c6h5 

n-benzoylpyridinium chloride 

iV-acylpyridinium salts are rarely isolated, since they decompose rapidly on reaction with water, 

forming salts of the original pyridines. They are very useful acylating agents, which rapidly con¬ 

vert alcohols to esters (Eq. 4). 

,CH, 

,CH, 

N© 

C1G ^ 
O CH, 

h2o 

c2h5oh 

O 
II 

+ CH.COH 

Cl e 
H 

(4) 

,CH, 

Cl© I® 
H 

O 

+ CH3COC2H5 

Derivatives of 4-aminopyridine, such as 4-dimethylaminopyridine (DMAP), are particu¬ 

larly effective catalysts for acylation reactions.6a-7 Even very acid-sensitive alcohols, which are 

likely to undergo dehydration under most acylation conditions, can be prepared in high yields 
using DMAP catalysis (Eq. 5 and 6). 

CH, CH, 
H H, 

N 

OH 

O O 

+ ch3c — o — cch3 
N 

o 

C .0 —CCH, 

O 

+ CHXOH 

(5) 

Mechanism: 

CH3^ /CH3 
N 

CH3^©/CH3 

o o 

NT 
DMAP 

+ ch3cocch3 
©, OR 

"N 

I 
-CCH, 

O 

CH3COR + DMAP (6) 

O 
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Furthermore, reaction times are often dramatically shorter when DMAP is employed as a catalyst 
than when pyridine is used. 

The effectiveness of DMAP as an acylation catalyst is directly related to its high basicity 

(see Table 10-1). The use of such a basic catalyst minimizes the possibility of side reactions cat¬ 

alyzed by acidic pyridinium salts and increases the concentration of alkoxide ions that can react 

with the N-acylpyridinium intermediates. (Incidentally, unlike most A-acylpyridinium salts, 

A-acyl salts of DMAP are quite stable and can be easily isolated.) 

Formation of A/-oxides. Pyridine and its analogs react with peracids, or with hydrogen 

peroxide in the presence of mineral acids, to form A-oxides (Eq. 7). 

The iV-oxides have permanent dipolar (ylide) structures and are best represented by formulas that 

show the charges in the dipoles. For convenience, however, the dipolar structures are often repre¬ 

sented by arrows connecting the nitrogen and oxygen atoms. 

Electrophilic Substitution Reactions 

Deactivation to electrophilic attack. The reactions of powerful electrophilic reagents 

with pyridines, as with other aromatic molecules, typically yield substitution, rather than addi¬ 

tion, products. In comparison to aromatic hydrocarbons, however, most pyridine derivatives are 

highly deactivated toward electrophilic attack. Experimental evidence indicates that pyridine 

reacts only 10~18 to 10-20 times as rapidly as benzene in electrophilic substitution reactions!8 

Since electrophilic substitution reactions are typically carried out in strongly acidic solu¬ 

tions, pyridines are usually nearly completely protonated under the conditions necessary for sub¬ 

stitution to take place. Even when protic acids are not originally present, the nitrogen atoms would 

form strong complexes (e.g., 1 and 2) with Lewis acid catalysts or with the powerful electrophilic 

reagents required for aromatic substitution reactions. 

V© ^© 

so® GA1C13 

1 2 

Since there are essentially no free pyridine molecules present during most electrophilic sub¬ 

stitution reactions of pyridines, it is usually the pyridinium salts that undergo substitution rather 

than the pyridine molecules themselves. This conclusion is supported by the fact that substitution 

reactions of A-alkyl pyridinium salts are about as rapid as those of the corresponding pyridines. For 

instance, nitration of A-methyl-2,4,6-trimethylpyridinium sulfate (Eq. 8) occurs at almost the 

same rate as nitration of 2,4,6-trimethylpyridine, strongly indicating that substitution is taking 

place on the cation in each case.8 
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HN03 
fuming 
H2S04 

Since reactions of electrophilic agents with pyridinium cations or cationic complexes results 

in the formation of very high energy, doubly charged intermediates such as 3 and 4, it is not sur¬ 

prising that electrophilic substitution reactions of pyridines are so slow. 

NO, 

H AlBr © 

k.A:Br 
©7 H 

GAlBr3 

However, the presence of the electronegative s,p2-hybridized nitrogen atom in the ring appears to 

be, by itself, sufficient to cause significant deactivation of pyridine to attack by electrophilic 

reagents. Experimental evidence indicates that even if it were not protonated during the reactions, 

pyridine would be, at most, only 10~6 to 10-7 times as reactive to electrophilic reagents as is benzene.9 

If attack of electrophiles were to take place at positions ortho or para to the nitrogen atoms 

of pyridines, the intermediate carbocations would each have one exceptionally poor resonance 

form (e.g., 5b), in which both positive charges are located on the nitrogen atom. 

H S03H 

© 

N, 

H 

© 

5a 

H S03H H 

N, 

H 

S03H 

© 

5b 

'N, 

H 

5c 

© 

© 

(9) 

Therefore, electrophilic substitution reactions of pyridines, when they do occur, normally take 

place at the meta positions of the rings (C3 and C5), via intermediates such as 3 and 4. 

Nitration, sulfonation, and halogcnation. Pyridine and its analogs are so unreactive 

toward electrophilic reagents that they do not undergo Friedel-Crafts alkylation reactions at all. 

Furthermore, they do not readily undergo nitration, sulfonation, or halogenation even under the 
severe conditions at which benzene undergoes these substitution reactions. 

Pyridines can be nitrated, sulfonated, and halogenated at their meta positions under excep¬ 

tionally strenuous conditions, but the yields are usually poor. For instance, nitration of pyridine 

requires heating at 300°C with nitric acid in fuming sulfuric acid and gives only a 15 percent yield 
of 3-nitropyridine (Eq. 10).10 
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,NCL 

+ HNCL 
fuming H2S03 

300°C 

N 

+ H20 (10) 

N 

The halogenation of pyridine also requires unusually high temperatures and proceeds in low 

yields when one mole or less of a Lewis acid is employed as the catalyst.11 However, bromination 

and chlorination can take place at moderate temperatures (80°C to 115°C) if 3 to 4 moles of alu¬ 

minum halides are employed for each mole of halogen (Eq. 11). 

^ / CI 
3 A1C1, 

CL -- + 

N 

+ HC1 (11) 

N 

(33%) 

It has been suggested that since the first mole of aluminum halide forms a complex with the pyri¬ 

dine, excess aluminum halide is required to convert the halogen to a reagent capable of reacting 

with the aromatic ring. (This is called the swamping catalyst effect.) Even with such large amounts 

of catalysts, however, the yields of 3-halogenated pyridines are not outstanding.12 

Bromination of pyridines in the gas phase at 300°C to 350°C results in the formation of 

mera-bromopyridines. However, if the temperature is allowed to rise to approximately 500°C, 

bromine is introduced at ortho positions rather than meta positions of the pyridine rings (Eq. 12).13 

320°C 

+ Br2 

""Thr 

500°C 

+ 

N' 

+ 

Br' 

ST 
(12) 

Br 

Apparently, at such high temperatures, a free-radical mechanism (Eq. 13) replaces the ionic 

mechanism. 

+ HBr 

N Br 

(13) 

As might be expected, electron-donating substituents on pyridine rings increase the rates of elec¬ 

trophilic substitution as well as the yields of substitution products. 2,4,6-trimethylpyridine, for instance, 

can be converted to its 3-nitro derivative in 94 percent yield by nitration at only 100°C (Eq. 14).14 

+ HNO, 
fuming H2S04 

CH, 

100°C 
(14) 
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Attack on free pyridines. In a few exceptional cases it does appear that neutral pyri¬ 

dine molecules, rather than their protonated forms, undergo electrophilic attack. For instance, as 

Eq. 15 shows, 2,6-di-ter/-butylpyridine is converted to its 3-sulfonic acid by reaction with sulfur 

trioxide in sulfur dioxide solution at — 10°C!15 

(CH,),C 'N^ 

+ SO, 

C(CFL) 3'3 

liq. S02 

-10°C 

so3h 

C(CH3)3 

(15) 

Apparently, the bulky tert-butyl groups prevent (or minimize) complex formation between the 

nitrogen atom and electrophiles, so that the pyridine is at least partially present in its relatively 

reactive neutral form. 

Rather surprisingly, 2,6-dichloropyridine undergoes nitration under much milder conditions 

than those necessary for nitration of pyridine itself,8 even though the electron-withdrawing chlo¬ 

rine atoms would be expected to decrease the reactivity of the pyridine ring (Eq. 16). 

hno3 
90% H,S04 

115°C (16) 

However, 2,6-dichloropyridine is a much weaker base than pyridine (see Table 10-1). Apparently, 

enough unprotonated 2,6-dichloropyridine remains in solution to react relatively rapidly with elec¬ 

trophilic reagents. Other very weakly basic pyridine derivatives with substituents at C2 and C6 

also appear to undergo electrophilic substitution in their unprotonated forms.9 

Reactions of quinolines and isoquinolines. Electrophilic substitution reactions of 

quinoline take place much more rapidly than do similar reactions of pyridine. However, the elec¬ 

trophiles normally attack the nitrogen-free rings of quinolines. As with naphthalene, substitution 

at an a-carbon (C5 or C8), as in Eq. 17, is usually more rapid than at a (3-carbon. 

Br 

(17b) 

Electiophilic attack at <x carbons yields carbocations (such as 6) for which two resonance 

structures can be drawn without disrupting the aromaticity of the pyridine rings. Attack at either (3 
position would yield carbocations (such as 7) with only one such resonance form. 
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Electrophilic attack on an isoquinoline ring usually yields predominantly substitution at C5, 

with only small amounts of C8 substitution products (Eq. 19).16 

The preference for attack at C5 can be accounted for on the basis that one resonance form (8) of the 

intermediate dication from attack at C8 would have both positive charges located on the nitrogen 

atom, while all resonance structures from the carbocation formed by attack at C5 would have pos¬ 

itive charges on separate atoms. 

8 

Reactions of N-oxides. Since pyridine TV-oxides have positively charged nitrogen 

atoms, it might be expected that they would be about as unreactive as pyridinium salts toward 

electrophilic reagents and that, if they reacted at all, they would yield products of substitution at 

meta positions. However, electrophilic attack at C4 (or C2) of a pyridine N-oxide would yield a 

carbocation stabilized by electron donation from the negatively charged oxygen (Eq. 20). 

\©^ 
N 

HNO, 

h2so4 

O © 

H NO, 

© 

N 
I- 

O 0 

The formation of a nitrogen-oxygen tt bond to replace the carbon-carbon tt bond broken by the 

attack of the electrophile more than compensates for the inductive effect of the positive charge on 
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nitrogen. As a result, pyridine A-oxide reacts with nitric acid in sulfuric acid at temperatures as low 

as 90°C and yields principally 4-nitropyridine A-oxide.17 (The A-oxide can, if desired, later be 

reduced to 4-nitropyridine.) 

In contrast to its nitration, sulfonation of pyridine A-oxide by fuming sulfuric acid requires 

temperatures above 200°C. Sulfonation takes place at the meta position.18 Presumably, the A- 

oxide is completely protonated or converted to its O-sulfonic acid in fuming sulfuric acid (Eq. 

21), thus reducing its ability to act as an electron donor. 

iT ^ so3 H 1 h2so4, so3 

N 

H2so4 ’ 

N 

> 200°C 

©
 

—
O

 o
—

 
/

 

X 

-S03H 
h2o 

K.®<^ 
N 

(X 
'X 

so3h 

(21) 

(X = H or SO,H) 

Nucleophilic Substitution Reactions of Halopyridine Rings 

Addition-elimination processes. Unlike most aromatic halides, halogen-substi¬ 

tuted pyridines can react with nucleophiles such as hydroxide or alkoxide ions (or even 

aliphatic amines19) at relatively low temperatures. In this respect they resemble other conju¬ 

gated, unsaturated imines. However, pyridines are much less reactive than their nonaromatic 
analogs. 

2-halo- and 4-halopyridines, as well as 2-halo- and 4-haloquinolines and isoquinolines, 

undergo nucleophilic attack in strong bases, such as solutions of sodium methoxide, to yield sub¬ 
stitution products (Eq. 22).20 

NaOCHj 

OCH 

+ NaCl 
(22a) 

(22b) 

These reactions are considered to proceed by two-step (addition-elimination) mechanisms, as 
shown in Eq. 22a, rather than by direct substitution reactions. 

Since additions of nucleophiles to pyridine rings disrupt the aromatic systems, the first (addi¬ 

tion) steps in the reactions are normally the rate-limiting steps. Not surprisingly, therefore, reac¬ 

tions of nucleophiles with A-alkylpyridinium salts of 2-halo- and 4-halopyridines (Eq. 23) occur 
billions of times as rapidly as reactions of the neutral pyridines.21 
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Cl © NaOCH, 
Cl © 

^N© Cl 

CTT 

/OCH, Cl0 + NaCl 

N 
I 

CH 

;ci ©N ^OCH3 

CH, 

(23) 

In general, 4-halopyridines are somewhat more reactive toward nucleophilic attack than are 2- 

halopyridines. 4-bromopyridine, for instance, is so reactive that it spontaneously dimerizes to form 

a quaternary salt on standing at 0°C (Eq. 24). 

In contrast, displacements occur more rapidly at C2 than at C4 of TV-alky lpyridinium and 

A-alkylquinolinium salts.22 

Elimination-addition (pyridyne) processes. The addition of a nucleophile to C3 

of a pyridine derivative cannot yield an intermediate in which the negative charge is distributed 

onto the nitrogen atom. As a result, 3-halopyridines are only about 10“4 to 10-5 times as reactive 

toward nucleophiles as are 2-halo- and 4-halopyridines.21 
In general, 3-halopyridines do not react with hydroxide or alkoxide solutions at tempera¬ 

tures below about 150°C. However, they do react with much stronger bases, such as solutions of 

sodium amide in liquid ammonia. These reactions yield mixtures of 3-aminopyridines and 4- 

aminopyridines in approximately l-to-2 ratios (Eq. 25).23 

NaNH2 

liq. NH3 
+ 

(25) 

The formation of 4-aminopyridines cannot be accounted for by either direct substitution or 

addition-elimination mechanisms. Instead, analogy with the formation of benzyne intermediates 

from halobenzenes suggests that reactions of 3-halopyridines with very strong bases proceed by 

initial elimination reactions, forming 3,4-pyridynes. The pyridynes (which are also called dehy- 

dropyridines) then add ammonia, in two steps, to form the observed products (Eq. 26). 
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NaNH2 

N' 

NH„ 

0 

N 

(26) 

© NH, 
aminopyridines 

Although 2,3-pyridyne might, in principle, have been formed as well as 3,4-pyridyne, no 

2-aminopyridine, which might have been formed from 2,3-pyridyne, is obtained from the reaction 

of 3-bromopyridine with sodium amide. Molecular orbital calculations indicate that 2,3-pyridyne 

should be appreciably less stable than 3,4-pyridyne.24 

(Interestingly, such weak nucleophiles as water and fluoride diplace nitrogen very rapidly 

from 2-pyridinediazonium salts—reactions that presumably proceed via carbocation 9. The ease 

of formation of this cation suggests resonance contribution from the 1,2-pyridyne form(Eq. 27).25) 

-n2 F© (j^^j 

N N=N N 
© 

(27) 

Hydroxypyridine-Pyridone Tautomerism 

Reactions of 2-halopyridines or 4-halopyridines with solutions containing hydroxide ions should 

yield anions of 2- or 4-hydroxypyridines. On protonation, either the hydroxypyridines or their 

tautomers, 2-pyridone and 4-pyridone, might be formed (Eqs. 28 and 29). 

NaOH NaOH 

H 
N OH 

© 

H © 

'x. NaOH 
N ^ONa S^S) 

H 

2-pyridone 

(28) 

NaOH NaOH 

H® 

o 

4-pyridone 

(29) 



Section 10.2 Reactions of Pyridine and Its Analogs 283 

Since equilibration of the tautomeric forms should be rapid in base, the relative amounts of 

hydroxypyridines and pyridones obtained would depend on the stabilities of the two types of tau¬ 

tomers. 

The position of the equilibrium between hydroxypyridine and pyridone tautomers was 

debated for many years, with the hydroxypyridine structures supported by the fact that many reac¬ 

tions, such as acetylation with acetic anhydride, result in substitution on oxygen to give derivatives 

of hydroxypyridines (Eq. 30). 

AA 
99 

N OH 

O O 

+ CH3COCCH3 

R3N AA 
o 

\ 11 

N OCCH, 

+ CH3COH (30) 

However, the UV spectrum of “2-hydroxypyridine” was found to closely resemble that of 

iV-methyl-2-pyridone rather than that of 2-methoxypyridine. 

OCH, 

A 
I 

CH, 

O 

2-methoxypyridine N-methyl-2-pyridone 

In fact, in aqueous solutions, the 2-pyridone tautomer typically predominates over the 2-hydroxy¬ 

pyridine tautomer by a ratio of about 1000 to 1. Similarly, “4-hydroxypyridines” in solution usu¬ 

ally exist primarily as their 4-pyridone tautomers.26 

These facts may seem surprising, since hydroxypyridines are aromatic molecules and pyri¬ 

dones may not, at first glance, appear to be aromatic. However, both 1-pyridone and 4-pyridone 

have dipolar resonance forms (10b and lib) that do have aromatic character and contribute greatly 

to the stability of the pyridone tautomers (Eq. 31). 

© - 
0 0 

Ai aa A A 
^Ao N 0U 

I 
A 

1 

N 
l 

1 

H H 
1 

H H 

10a 10b lla lib 

Dipolar resonance structures should be less important for the hydroxypyridine forms, since the 

electronegative oxygen atoms would have to bear the positive charges and the nitrogen atoms the 

negative charges in those resonance forms. 
While we have been considering hydroxypyridine and pyridone tautomers as individual 

molecules, it is important to note that 2-pyridones exist largely as hydrogen-bonded dimers (e.g., 

12) in concentrated solutions, while both 2-pyridones and 4-pyridones can form strong hydrogen 

bonds to polar solvents. 
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12 

Hydrogen-bonding and solvation energies play major roles in determining the relative stabilities of 

pyridone and hydroxypyridine tautomers in solutions. In fact, in very dilute solutions in nonpolar 

solvents or in the gas phase, in which these compounds exist as individual, weakly solvated (or 

unsolvated) molecules that do not form strong hydrogen bonds, the hydroxypyridine tautomers 
are actually more stable than the pyridone forms.27 

In pyridines substituted with sulfur atoms at C2 or C4 the thione forms predominate over the 
thiol tautomers (see Eq. 32). 

N SH nA 
I 

H 

principal tautomer principal tautomer 

However, 2-aminopyridine and 4-aminopyridine are more stable than their tautomers, as Eq. 33 
shows. 

NH„ 

principal tautomer 

N^^NH 
I 

H 

principal tautomer 

Dipolar resonance forms for the tautomers with exocyclic carbon-nitrogen double bonds would 

contribute less to stabilizing those forms than similar resonance forms contribute to 2- and 4-pyri- 

dones, since negative charges would be placed on nitrogen atoms rather than oxygen atoms. 

2-hydroxyquinoline” and “4-hydroxyquinoline” exist predominantly as their amide tau¬ 
tomers, as do the hydroxy derivatives pyrazine of pyrazine28 and pyrimidine.26 

principal tautomers of hydroxyquinolines 
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O 

cr n 

H 

N' 

The latter fact has particular biological significance, since the “pyrimidines” cytosine and thymine, 

as well as the “purines” guanine and adenine, form critical parts of deoxyribonucleic acid (DNA), 

the material of which genes are composed. (Uracil replaces thymine in ribonucleic acid, RNA, 

the “messenger” molecule that carries genetic instructions from DNA to the rest of the cell.) 

o o o 

adenine (uracil) 

Both RNA and DNA are polymers of units called nucleotides, each of which contains a phos¬ 

phoric acid molecule linked to a molecule of the sugar deoxyribose, which in turn is linked to a 

purine or pyrimidine. 
In his fascinating book The Double Helix,29 biologist James Watson describes how he and 

Francis Crick encountered repeated frustration in attempting to construct a reasonable structure for 

DNA by putting together models of DNA components. Fortunately, a visiting chemist pointed out 

that they were using models of the wrong tautomers of the purines and pyrimidines in DNA. 

Watson and Crick replaced their hydroxypyrimidine models with models of the pyrimidone tau¬ 

tomers, and shortly thereafter they were able to propose a reasonable structure for DNA—a pro¬ 

posal that won them the Nobel Prize. 
Hydrogen bonding between purine and pyrimidine bases plays a critical role in the replica¬ 

tion of DNA and the reproduction of all organisms. The subject is discussed in detail in all modem 

biochemistry texts.30 

Nucleophilic Addition to Unsubstituted Positions 

The Chichibabin reaction. Nucleophilic substitution reactions of pyridine derivatives are 

most common when good leaving groups, such as halide ions, can be displaced. However, even hydride 

ions can act as leaving groups in reactions of very strong bases with pyridine and its derivatives.31 
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If sodium amide and pyridine are heated together at 70°C to 100°C, hydrogen gas is evolved 

and the sodium salt of 2-aminopyridine is obtained. (Traces of 4-aminopyridine have also been 

detected.) Similarly, reactions of pyridines with salts of primary amines will yield 2-alky- 

laminopyridines. (Eq. 34). 

+ NaNHR 

'N 

Na 

0 
'N ^NR 

+ H, (34) 

(R = H or alkyl) 

These reactions, which are called Chichibabin (or Tschitschibabin) reactions,32 are initiated by 

the addition of amide anions to the imino function of the pyridine ring to form adducts, such as 13. 

N 

(35) 

+ 

N NIT 

[h©] 

'N NH 

+ Hn 

These adducts can be detected spectroscopically. The formation of the adduct is followed by expul¬ 

sion of a hydride ion or by reaction of the incipient hydride ion with a proton source in the solution 
to form hydrogen gas. 

Organolithium reagents also add to pyridines. Since the intermediates formed by the addition 

of lithium reagents are less basic than those formed by reactions of pyridines with sodium amide 

(or potassium amide), the ejection of hydride anions is relatively difficult. However, if the reaction 

mixtures are heated to 100°C to 140°C, lithium hydride precipitates from the solutions, and 
2-alkylpyridines or 2-arylpyridines are formed (Eq. 36).33 

+ C6H5Li 

H3a 

+ LiH 

(36) 

Reactions requiring oxidation steps. The reactions of bases with six-membered 

rings containing two nitrogen atoms are rapid compared to their reactions with pyridines. 
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However, the resulting heterocyclic anions are so stable that hydride ions will not be ejected. It 

requires the addition of oxidizing agents, such as potassium permanganate, to convert the anions 

to neutral aromatic molecules, as in Eqs. 37 and 38.34 

.N 

'N 

+ NaNH2 

+ NaNH2 

H 

NH2 

KMn04 

N 

KMn04 

(37) 

(38) 

The addition of amide anions to C2 of quinoline is also faster than their addition to pyri¬ 

dine, and can be carried out at temperatures as low as —65°C. The addition is reversible, and if the 

temperature is raised to 15°C to 20°C, the anion from addition at C4 becomes the principal prod¬ 

uct (Eq. 39). 

Organolithium reagents react with /V-alkylpyridinium salts to yield products from addition at 

C2 and C4, with addition at C2 predominating.35 Oxidation will convert the products back to sub¬ 

stituted pyridinium salts (Eq. 40). 

% 
CH 

C6H5Li 

Cl0 

[oxid.] 
/C6h5 

N© C6H5 

(40) 

ch3 CH3 

Formation of dihydropyridines. A variety of reducing agents, including lithium alu¬ 

minum hydride and sodium borohydride, reduce A-alkylpyridinium salts to 1,2- and 1,4-dihy- 

dropyridines, as in Eqs. 41a and 41b.35 The dihydropyridines in turn are easily oxidized back to 

pyridinium salts.36 
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C(C6H5)3 
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C(C6H5)3 

H H 

+ (41a) 

'N 
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C(C6H5)3 

H H 

CN 

r© 

NaBH4 

(41b) 

1 
ch3 

1 
ch3 

The reduction reactions of pyridinium salts are of particular interest because of their relation 

to important biological processes. A dihydropyridine ring in the coenzyme nicotinamide adenine 

dinucleotide (NADH) serves as the source of hydrogen in the enzyme-catalyzed biological reduc¬ 

tions of carbonyl compounds to alcohols (Eq. 42), while the resulting quaternary pyridinium salt, 

NAD+, is employed in the biological oxidations of alcohols to carbonyl compounds. 

H H 
cll 
HCCH„ 

3 
'N 

+ H20 
enzyme 

R 

N© 

R 

+ HOCH2CH3+°OH (42) 

Substitutions Involving Ring Opening and Reclosure 

Substitution by ANRORC mechanisms. In the 1970s a Belgian group led by Henk 

van der Plas found that some apparently straightforward substitution reactions in heterocycles 

containing two or more nitrogen atoms actually proceed by rather complex mechanisms.37 

Reaction of 4-phenyl-6-bromopyrimidine with potassium amide in liquid ammonia yielded, 
as expected, the 6-amino derivative. However, when the starting material was labeled with 15N (the 

isotopic nitrogen being equally distributed between the two nitrogens in the ring), 50 percent of the 
15N was located in the exocyclic amino group (Eq. 43a)! 

CHE c6h5 

knh2 + 
‘N' 

6“5 

IT ^Br 

‘Nr 

+ KBr 
(43a) 

'NH, 

* _ 15 N 

To explain this result, it was postulated that the amide anion originally added to C2 and that the 

resulting anion then underwent an electrocyclic ring opening, ejection of the bromide anion, and 
ring closure to yield the 6-aminopyrimidine, as shown in Eq. 43b. 
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+ 0NH 

(The exact stages at which proton transfers occur is not certain.) The mechanism was designated 

an ANRORC process: addition of nucleophile, ring opening, ring closure.37a 
The ANRORC mechanism for the reaction in Eq. 43a was supported by the observation that 

reaction of 4-phenyl-6-bromopyrimidine with the lithium salt of a secondary amine yielded an 

open-chain compound (Eq. 44) since ring closure would not form a stable product. 

+ 
A 

N—CH=N + LiBr 
/ \ 
J C—CfiH, 

// 6 s 
N=C—CH 

(44) 

Even 2-halopyrimidines undergo substitution primarily by ANRORC mechanisms.37 Again, 

the initial step is addition of a base to an unsubstituted position (see Eq. 45). 

15 
N * = 
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Reactions of 5-halopyrimidines introduce a new complication: substitution with rearrange¬ 

ment. The amino group in the product appears at C6 rather than at C5. Isotopic labeling experi¬ 

ments indicate that the products are formed by two different types of reactions, which proceed at 

approximately the same rate. In one type of reaction, addition of the amide anion occurs at C6, and 

a hydrogen halide is eliminated in a subsequent step (Eq. 46). 

knh2 

The second type of reaction proceeds by an ANRORC mechanism (Eq. 47).37a 

+ KNH„ 

(47) 

Similarly, substitution reactions proceeding in pyrazines and pyridazines usually pro¬ 

ceed by ANRORC mechanisms.37 Even pyridine derivatives may undergo substitution by 

ANRORC mechanisms if the rings bear strongly electron-withdrawing groups that can stabilize 

the ring-opened anions. The open-chain intermediate 14, for instance, was detected spectro¬ 
scopically in the substitution reaction shown in Eq. 48.38 
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Substitution for heteroatoms in the ring. The reaction of an amine with a pyn- 

dinium salt bearing strongly electron-withdrawing substituents on the nitrogen or carbons of the 

ring can result in the exchange of the ring nitrogen atom, as shown in Eqs. 49 and 50.' 

+ c6h5nh2 

^© ri° 

Ar 

15 

(49) 

NO, 

Ar = ArNH2 + 

'N, 
© Cl' © 

NO, ©6H5 

.NO, 

f© Cl© 
CEL 

o2n. NO, 

+ c6h5nh2 

N© C1© 

+ ch3nh2 

C6H5 

(50) 

Substitution of aromatic amines for ring nitrogen atoms is a useful method for synthesizing 

A-arylpyridinium salts, which, with the exception of salts such as 15 (which can be prepared by 

reactions of pyridines with 2,4-dinitrohalobenzenes, as in Eq. 51) are not otherwise available. 
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+ 

SN 

no2 

(51) 

10.3 SYNTHESIS OF SIX-MEMBERED HETEROCYCLIC RINGS 

By Carbonyl Addition Reactions 

Formation of pyridine rings. The most common procedures for forming pyridine 

rings involve reactions of ammonia with dicarbonyl derivatives. For instance, the reaction of 

ammonium acetate with the unsaturated dialdehyde 16 yields pyridine (Eq. 52).39 

+ NFL 
HOAc 

o "FT FL 

+ 

O N 

2 H2° 
(52) 

16 

Pyridines can 
(Eq. 53).40 

also be formed by condensing 1,5-dicarbonyl compounds with hydroxylamine 

NH2OH 

o 

CH3COH 

+ 3 H20 (53) 

Unsaturated 1,5-dicarbonyl compounds with cw-configurations are generally difficult to 

prepare, however, and hydroxylamine is a relatively expensive starting material. Thus, a more 

common procedure for the formation of pyridine rings is to condense ammonia with 1 5-dicar¬ 

bonyl compounds (or compounds that are readily converted to 1,5-dicarbonyl compounds) in the 
presence of mild acid catalysts (Eq. 54). 

\-J 
O 

+ nh3 - 
H © 

oxidation 

CFL h3C' H3C' N ^CFL 

(54) 

The resulting dihydropyndine derivatives are easily oxidized to pyridines by a wide variety of 

oxidizing agents, such as air, iodine, or chromic acid. Indeed, it is frequently difficult to isolate the 

dihydropyndines, and pyridines are often obtained directly from the reaction mixtures. 
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(Reaction of ammonia with cyclohexenes at temperatures above 200°C forms pyridine rings, 

but unfortunately in rather low yields.41 This interesting reaction presumably proceeds by conju¬ 

gate addition of ammonia to the ring, followed by a retroaldol-like ring opening and recycliza- 

tion to form the pyridine, as shown in Eq. 55.) 

oxidation 

Among the most frequently used methods for preparing pyridines is the Hantzsch synthe¬ 

sis. The condensation of ammonia, an aldehyde, and a (3-ketoester or (3-diketone at about pH 4 

results in the formation of 1,4-dihydropyridines, from which pyridines are obtained on oxidation. 

(Eq. 56). 

0 0 o 
II II II 

2 ch3cch2coc2h5 + ch3ch 

NH © 

o 

coc2h5 

(56) 

The mechanism of the Hantzsch synthesis appears to involve the formation of unsaturated ketones 

and enamines as intermediates. Compounds 17 and 18, for instance, have been isolated from a 

Hantzsch reaction of benzaldehyde, methyl acetoacetate, and ammonia and have been shown to 

condense to form a dihydropyridine (Eq. 57).42 
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H.COC M 

H,C NH, 

H\ A 

+ o II 
^coch. 

ch3 o 

H © 

o 
II 
COCH, 

CH, 

(57) 

\ 
17 18 
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Synthesis of rings with two nitrogen atoms. Pyrazines can be prepared by 

reactions of 1,2-dicarbonyl compounds with 1,2-diamines, followed by dehydrogenation 
(Eq. 58).43 

CH, 
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Pyridazines are similarly obtained by condensing hydrazine with 1,4-dicarbonyl compounds and 

dehydrogenation of the resulting dihydropyridazines (Eq. 59),44 and pyrimidines by condensation 

of amidines (19, R = H) or guanidines (19, R = NH2 or NR2) with 1,3-dicarbonyl derivatives. 
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a guanidinium cation 

NH, 

h2n^ ^nh, 
© 2 

(60) 

(61) 

The latter reaction is unusual because it requires basic conditions, while most reactions of 

ammonia or amines with carbonyl compounds require mild acid catalysts to assist in the loss of 

water from the initial addition products. Amidines and guanidines are so strongly basic, because of 
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resonance stabilization of the protonated forms (see Fig. 61), that they may inhibit the protonation 

of hydroxy groups necessary for acid-catalyzed dehydration of the initial addition products. In 

contrast, base catalysis of the dehydration steps (Eq. 62) would be assisted by resonance stabi¬ 

lization of anions of amidines or guanidines. 

Via Electrocyclic and Cycloaddition Reactions 

The formation of pyridine rings by pericyclic reactions is much less common than by carbonyl 

addition reactions. However, imines of orf/io-vinylanilines are converted to quinolines in good 

yields on heating at 155°C (Eq. 63).45 

Cyano groups bearing strongly electron-withdrawing substituents can act as dienophiles in 

reactions with 1-alkoxybutadienes. The rapid loss of alcohols from the cycloaddition products 

forms pyridines in good yields (Eq. 64).46 
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Synthesis of Quinolines and Isoquinolines 

Preparation of quinolines. The heterocyclic rings in quinolines and isoquinolines are 
usually prepared by electrophilic attack upon preexisting benzene rings. 

By far, the most common methods of preparing quinolines is by condensing conjugated car¬ 

bonyl denvatives with anilines in the presence of a strong acid (the Doebner-von Miller synthe¬ 

sis).41 This process most likely proceeds by conjugate addition of the amine to the unsaturated 

carbonyl compound, followed by electrophilic attack of the protonated carbonyl on the aromatic 

The resulting 1,2-dihydroquinoline is usually converted to a quinoline during the course of 

the reaction. Nitrobenzene, which is commonly employed as the solvent, can act as the oxidizing 
agent. (See Eq. 65.) 

The Doebner-von Miller synthesis is frequently called the Skraup reaction, although, strictly 

speaking, the Skraup reaction is a version of the process in which glycerol is used in place of the 

conjugated carbonyl (Eq. 66).49 Glycerol is converted to acrolein under the strong acid conditions 
used for the reaction. 
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+ 

CH,OH 
I 
CH—OH 

I 
ch2oh 

h2so4, a 

c6h5no2 * 
(66) 

Formation of isoquinoline rings. In the Bischler-Napieralski reaction,50 powerful 

dehydrating agents such as phosphorus pentoxide or phosphorus pentachloride convert N-2- 

phenylethylamides to 2,3-dihydroisoquinolines, which are dehydrogenated by heating with palla¬ 

dium on charcoal (Eq. 67). 

The Pictet-Spengler condensation is a closely related process in which aldehydes are 

condensed with 2-phenylethylamines in the presence of strong acids. The resulting tetrahy- 

droisoquinolines can then be converted to isoquinolines by heating with palladium on char¬ 

coal (Eq. 68). 

CH3 
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PROBLEMS 

1. Draw structures for all organic products that should be formed in significant yields from the reactions 

below, or write “no reaction.” 

(a) 

^n^c2h5 

+ CH3Br 

(b) 

O 

+ c6h5cooh 

Cl 

(C) + HNO, 

N 

XI 

(d) + NaOCFL 

N 
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(l)NaOH, A 

(2) H,0' ,© 

,Br 

(f) + NaNH, 

h3c n 

liq. NH3 

<t> 

(g) 

(h) 

W 

y© 
CH, 

+ NaNH„ 

+ C4H9Li 

2. Write reasonable mechanisms for the following reactions, using curved arrows to show electron motions. 
Do not combine any two steps into one. 

COC2H5 
NaOH 

CCH, 

(b) 

(1) NaR3BH 

(2) C6H5CH=0 

(3) H.O © 

ch2c2h5 

(D.E. Minter and M.A. Ree, J. Org. Chem., 53, 2653 [1988]) 

KOH 
(c) 

h3c^n@ "ch3 

CH, 

H3C' '0° K® 
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o o 

(See K. Hafner, Angew. Chem., 70, 419 [1958]) 

3. Suggest reasonable mechanisms for the reactions shown in Eqs. 52, 53, 56, 58, and 65-68 in this chapter. 



Chapter 7 7 

Five-Membered 

Heterocyclic Rings 

11.1 INTRODUCTION 

The principal types of unsaturated, five-membered heterocyclic rings are found in the molecules 
furan, pyrrole, and thiophene. 

H 

furan pyrrole thiophene 

The locations of substituents on these rings are specified by numbering the heteroatom as position 

1* and the carbon atoms successively as positions 2 through 5. Atoms 2 and 5 of each ring are 
also called the a -positions, and atoms 3 and 4 the ^-positions. 

* Pyrrole is more precisely named lH-pyrrole, to distinguish it from its two unstable tautomers, 2H-pyrrole and 
3H-pyrrole. 

H 

2H-pyrrole 3H-pyrrole 

302 



Section 11.1 Introduction 303 

CH3 

3-chloro-1 -methylpyrrole 

CH,CH, 

V_. 

N^ch, 

4-ethyl-2-methylthiophene 

The five-membered heterocyclic rings may be fused to carbocyclic aromatic rings. The 

fused ring molecules containing oxygen and sulfur are called benzofuran and benzothiophene, 

respectively. The nitrogen-containing molecule was known before its structure was established, so 

that it is called indole, rather than benzopyrrole.* 

4 

H 

benzofuran benzothiophene indole 

The positions of atoms in these bicyclic molecules are numbered starting with the heteroatoms 

and continuing around the heterocyclic and homocyclic rings, but skipping the ring junctures, as 

was done with quinoline and isoquinoline. 
Of course, five-membered rings may contain more than one hetero atom. Undoubtedly, the 

most important ring system containing two hetero atoms is that of imidazole, which is found in the 

purine units of DNA and RNA, as well as in the amino acid histidine. 

4 

5 

H 

imidazole 

o 
II 

CH,—CH—COH 
I 
nh2 

histidine 

*To be precise, the molecules shown above should be named “benzo[b]furan” and “benzo[b]thiopene,” to distin¬ 

guish them from their far less common isomers, benzo[c]furan and benzo[c]thiophene. (The designations [b] and [c] in the 

names indicate that the carbocyclic rings are fused to atoms 2 and 3, and 3 and 4, respectively, of the heterocyclic rings.1) 

The corresponding isomer of indole is named isoindole. 

benzo[c]furan benzo[c]thiophene N-methylisoindole 

Benzo[c]furan, benzo[c]thiopene, and isoindole have only brief lifetimes under ordinary conditions, but some of 

their derivatives are stable molecules. 
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Another important ring system is that of thiazole, which is found in the coenzyme thiamine (vita¬ 

min Bj), and other naturally occurring molecules. 

4 

5 

thiazole thiamine 

11.2 ELECTRON DELOCALIZATION AND AROMATICITY 

In a five-membered heterocyclic ring, a pair of electrons on the heteroatom forms part of the aromatic 

sextet. In order to achieve maximum overlap of this electron pair with the electrons of the tt bonds, 

the heteroatom is presumably rehybridized so that one pair of electrons is located in ap orbital. (The 

other pair of unshared electrons in furan or thiophene is located in an sp2 orbital orthogonal to the 

orbitals of the aromatic sextet.) In an A-substituted pyrrole, the nonring atom bonded to the nitrogen 

is in the same plane as the ring, showing that the nitrogen has sp2 hybridization.2 

The structure of a pyrrole ring 

In contrast to pyridine and other six-membered aromatic heterocyclic rings, the hetero atoms 

in furan, pyrrole, and thiopene act as electron donors. This can be concluded, for instance, from 

molecular orbital calculations, which show that each ring carbon in these molecules has a Tr-electron 

density somewhat greater than 1.0, while the hetero atoms have Tr-electron densities less than 2.O.3 

H 

Calculated Tr-electron densities in pyrrole and furan 

The qualitative conclusion that hetero atoms in furans, pyrroles, and thiophenes donate elec¬ 

trons to ring carbons can also be derived by an examination of resonance forms. In contrast to 

benzene and pyridine, each of which has two nonpolar Kekule resonance forms of equal impor¬ 

tance, furan, pyrrole, and thiophene each have only one nonpolar resonance form but have four 

dipolar resonance forms. In effect, one pair of electrons on the heteroatom of each of these rings is 
donated into the ring and shared among the four carbon atoms. 
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NT O 
© 

© 
© 

o 
© 

© 

o 
© 

Resonance forms of furan 

© 

O 
© 

(1) 

Furan, pyrrole, and thiophene are thus often described as having tt-excessive rings. In contrast, 

pyridine and its derivatives are described as having tt-deficient rings, since the nitrogen atoms, 

particularly in their protonated forms, draw electrons away from the other atoms of the rings. 

Estimates of the “aromatic stabilization energy” or “resonance energy” of benzene have var¬ 

ied greatly depending on the methods used. Estimates of the stabilization energies of five-mem- 

bered heterocyclic rings, whether based on experimental measurements or theoretical calcula¬ 

tions, have varied even more widely. (Estimates of the stabilization energy of furan, for instance, 

have ranged from about 22 kcal/mol down to as little as 2 kcal/mol.4) Almost all investigations 

agree, however, that pyrrole and thiophene have large stabilization energies (perhaps two-thirds as 

large as that of benzene), while furan has a much lower stabilization energy.4 

It is hardly surprising that the resonance energy of furan should be significantly lower than 

that of pyrrole, since electrons must be drawn away from the very electronegative oxygen atom to 

be distributed among the carbon atoms of the furan ring. However, the stability of the thiophene 

ring might seem surprising. Overlap of p orbitals of sulfur with tt bonds is poor, so resonance 

forms involving carbon-sulfur double bonds are not expected to contribute greatly to the stabi¬ 

lization of thiophene rings. It has sometimes been suggested that donation of electrons from the tr 

bonds into d orbitals of sulfur atoms might help stabilize thiophene rings, but the d orbitals of neu¬ 

tral sulfur atoms are so high in energy that they should not interact strongly with carbon-carbon tt 

bonds. At present, there does not seem to be a generally accepted explanation for the stability of 

thiophene rings. 

11.3 REACTIONS OF FIVE-MEMBERED HETEROCYCLIC RINGS 

Protonation 

The most characteristic property of amines is that they are basic and form salts with even dilute 

solutions of mineral acids. In contrast, pyrroles are not basic. (The conjugate acid of pyrrole has 

been estimated to have a pKa of about -10 and is a very strong acid indeed.5) In this respect 

pyrroles resemble amides rather than amines. The lack of basicity of amides and pyrroles is par¬ 

tially due to the inductive effects of the carbonyl groups of amides and of the two double bonds in 

pyrroles but can also be attributed to the fact that both types of molecules are strongly stabilized by 

resonance. This stabilization would be almost totally lost if the nitrogens were protonated. 

0 

II .. —
o

 ©
 

© 

0 H 

11 >©„ L-vj" \© \ 
RC—NH2 «- -*• RC = nh2 RC—N—H N i /N\ 

high resonance energy 

1 
H 

low resonance energy 

H 

high resonance energy 

H H 

low resonance energy 

The N-H bonds of pyrroles are rapidly converted to N-D bonds by reaction of pyrroles with 

D2S04, showing that it is, in fact, possible to protonate the nitrogen atoms of pyrroles. However, 
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the A-protonated cations, although formed rapidly, are present in such low concentrations that 

they cannot be directly observed. In contrast, cations formed by the protonation of carbon atoms of 

pyrroles are stable enough to be observed, and their structures determined, by NMR spectroscopy. 

If the pyrroles have unsubstituted a positions, only the cations formed by a protonation can be 

observed (Eq. 2).6 When both a positions are substituted, as in 2,5-dimethylpyrrole, a mixture of 

the a-protonated and (3-protonated cations is formed (Eq. 3).7 

(2) 

H 

(3) 

The preference for protonation of pyrroles at a positions rather than (3 positions is easily 

understandable, since protonation at an a position yields a “carbocation” (more properly 

described as an immonium salt) with three resonance forms, while protonation at a (3 position 

yields a cation with only two resonance forms. However, both cations are quite easily formed, 

since a new nitrogen-carbon tt bond is formed in each case to replace the carbon-carbon bond 

broken on protonation. 

cation from a-protonation 

H 

H' 

N 
I 

H 

H 

H' 
© 

"N' 
I 

H 

cation from [3-protonation 

Although monomeric cations can be detected when pyrroles are dissolved in acids for short 

periods, the pyrroles are converted into oligomers, and then into polymers, after longer reaction 

times.8 The structures of the polymers have not been established, but the structure of a trimer, iso¬ 

lated in low yield from the reaction of pyrrole with hydrochloric acid has been determined (Eq. 4). 



Section 11.3 Reactions of Five-Membered Heterocyclic Rings 307 

3 
HCl 

(4) 

While pyrroles are not basic, imidazoles, which contain amidine functional groups, form 

stable salts on reaction with mineral acids. The doubly bonded (imino) nitrogens are protonated, 

since the resulting cations retain the resonance energies of the amidine groups as well as the sta¬ 

bilities of aromatic rings. (See Eq. 5.) 

H2S04 
-N' 

N 

H 

HSO 
© 

(5) 

Furan and thiophene react similarly to pyrrole in acidic solutions. Both will initially undergo 

proton exchange at C2 and C5 and then undergo dimerization and polymerization on continued 

exposure to strong acids (Eq. 6). 

polymer 
(6) 

In addition, in aqueous solutions, furan derivatives can undergo hydrolysis to form 1,4-dicarbonyl 

compounds (Eq. 7). (That reaction is the reverse of a process frequently used to synthesize furans, 

as shown on page 321.) 

H2° 
H © 

H—C 

CH —CH, 
\ / 

O o // 
c—H (7) 

Pyrrole reacts with acids far more rapidly than furan does, while furan is much more reactive 

than thiophene. This order of reactivity parallels the relative stability of the cations that would be 

formed from each of the three types of heterocyclic rings. 

which 
is more 
stable than 

Halogenation, Nitration, and Sulfonation 

Halogenation. One of the classic criteria for aromaticity is that aromatic molecules undergo 

substitution reactions, rather than addition reactions, with electrophilic reagents. This criterion is of 

course far from definitive even with hydrocarbons, since many polycyclic aromatic molecules (such 

as anthracene; see Eq. 8) can undergo addition reactions. However, the general occurrence of elec¬ 

trophilic substitution reactions is still an important characteristic of most aromatic molecules. 
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+ Br2 

H Br 

(8) 

In contrast to pyridine and its analogs, in which it is difficult to observe electrophilic sub¬ 

stitution because the molecules are so resistant to electrophilic attack, it is often difficult to observe 

clean electrophilic substitution reactions of five-membered aromatic rings because of their great 

reactivity. Since electrophilic reactions are typically carried out in strong acid solutions, decom¬ 

position or polymerization of five-membered heterocyclic rings may compete with substitution 

reactions. Furthermore, “ir-excessive” molecules are easily oxidized, and many electrophilic 

reagents, such as halogens and nitric acid, are powerful oxidizing agents. 

Possibly as a result of these factors, the reactions of pyrrole with chlorine and bromine yield 

complex mixtures that often contain products of multiple halogenation. 2-chloropyrrole and 2- 

bromopyrrole can be prepared by reaction of pyrrole with N-chlorosuccinimide (NCS) and 

N-bromosuccinimide (NBS), respectively (Eq. 9).9 

NCS, X = Cl 
NBS, X = Br 

The actual halogenating agents in these reactions appear to be molecular chlorine and 

bromine, respectively, since NCS and NBS react with the hydrogen chloride and hydrogen bro¬ 

mide formed on halogenation of pyrroles to yield the halogens in low concentrations (Eq 10). 

X = Cl, Br 

Chlorination and bromination of pyrroles with these reagents can thus be carried out in acid-free 

conditions and under conditions that should minimize multiple halogenations. 

(It may be noted that the preference for attack at a positions would not be predicted simply 

by examining electron densities in pyrrole (see page 304). The transition states for electrophilic 

substitution reactions of pyrrole appear to resemble the cationic intermediates more closely than 

they resemble the starting materials. The greater stabilization of the intermediate from attack at an 

a position is therefore more important than electron distributions in the starting material.) 
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Halogenation of pyrroles can be directed to the (3 positions by placing very bulky sub¬ 

stituents, such as triisopropylsilyl groups, on the nitrogen atoms. The silyl substituents are easily 

introduced, and they are easily removed by reaction with fluoride salts (Eq ll).10 

Si(/Pr)3 

Br 
/ 

(Bu)4N FU 

h2o 

Si(/Pr)3 

(11) 

The halogenation of pyrroles can take place even if all the ring carbons bear substituents. 

However, the products of the reactions have halogens on a-carbons of side chains rather than on 

the rings. It has been demonstrated that the reactions initially involve electrophilic attack on the 

ring to form carbocation intermediates, which can be detected by their UV and NMR spectra. (All 

four possible cations can be observed, although only one is shown in Eq 12.) The cations then 

rearrange to form the side-chain halogenated products. The mechanisms of the rearrangements 

have not yet been established.11 

(slow) (12) 

HBr 

Careful addition of bromine to furan at -5°C in dioxane solution gives 2-bromofuran in 

good yield. However, a study of the reaction of furan with bromine at -50°C showed that 1,4- 

addition products are first formed.12 Loss of HBr on workup yields the substitution product. (See 

Eq. 13.) 

f]- cs. —5°C 1 | 

1 — 50°C > Br-CH CH-Br 
+ HBr 

O O Br 
(13) 

The reaction of furan with bromine in the presence of potassium acetate yields a 2,5-diacetoxy 

derivative (Eq. 14).13 This presumably results from displacement of bromide ions from the initial 

reaction products. 

Br2 + 

O 

2 CHoCOK 

o 
II 

CHjCOH 

O 

ch3co 

o + 2 KBr 

O OCCH, 

(14) 
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The reaction of thiophene with chlorine gives complex mixtures of addition and substitution 

products. Careful bromination of thiophene yields 2,5-dibromothiophene, together with a lower 

yield of 2-bromothiophene (Eq. 15).14 

(The existence of thiophene was discovered when it was found that benzene obtained from coal 

oils, which contained small amounts of thiophenes, reacted with bromine, whereas benzene pre¬ 

pared by decarboxylation of benzoic acid did not.) 

Nitration and sulfonation. Nitration of thiophene in sulfuric acid solution is possible 

but difficult to control. Nitration in acetic acid-acetic anhydride solution yields predominantly 2- 

nitrothiophene, together with some 3-nitrothiophene (Eq. 16).14 

hno3 
AcOH, Ac20 

+ 

S^NO, 

(major isomer) 

Pyrrole undergoes polymerization in sulfuric acid but may be nitrated in acetic acid or acetic 

anhydride solution, yielding principally 2-nitropyrrole (Eq. 17). Acetyl nitrate (CH3CO0NO2) 

appears to be the actual nitrating agent.10 

+ hno3 
Ac20 

(17) 

Imidazoles are essentially completely protonated under the conditions for most electrophilic 

substitution reactions and therefore undergo substitution only with great difficulty (Eq. 18). 

H 

+ hno3 
h2so4, a 

(slow) 

°2N 

H' 

©/H 
-N 

02N 

N 
I 

H 

J 
-H 0 

©/H 
-N 

'N 
I 

H 

J (18) 

Nitration of furan, which has a lower stabilization energy than pyrrole or thiophene, ini¬ 

tially yields an addition product, which is converted to 2-nitrofuran on warming or on reaction 
with pyridine (Eq. 19).15 
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Furan, pyrrole, and thiophene can be converted to their 2-sulfonic acids by reaction with 

sulfur trioxide in dioxane or pyridine (Eq. 20). If both a positions of the ring are occupied, sul- 

fonation will take place at a (5 position.14,16’17 

+ S03 
(20) 

Reactions with Carbon-Centered Electrophiles 

Acylation. Furan and thiophene can be converted to their 2-acyl derivatives (Friedel- 

Crafts acylation) by reaction with acylating agents in the presence of Lewis acid catalysts (Eq. 21). 

O 

+ CH3CC1 
SnCl4 

O + HC1 
II 
cch3 

(21) 

Pyrroles, which are more reactive, can be converted to 2-acylpyrroles by reaction with acid chlo¬ 

rides or with reactive acid anhydrides, such as trifluoroacetic anhydride (Eq. 22), even in the 

absence of catalysts.9 

O O 
II II 

+ f3ccoccf3 

o 

O + FXCOH 

N CCF3 
H 3 

(22) 

Pyrroles with unsubstituted nitrogen atoms differ from other heterocyclic rings in that they 

can be wholly or partially converted to their anions by reaction with bases. (The pKa of pyrrole in 

water is about 17.5 as compared to about 40 to 45 for most amines.18) Alkali metal salts of pyrrole 

are usually acylated on nitrogen (Eq. 23), but Grignard salts usually react to give 2-acyl derivatives 

(Eq. 24).9 

+ KH 

o 
II 

C6H5CC1 
+ 

K 
O CfiH, 

KC1 

+ CH3MgBr 

MgBr 

o 

CH3CCI 
O + MgBrCl 

H 

(23) 

(24) 



312 Chapter 11 Five-Membered Heterocyclic Rings 

Acylation of imidazoles. Imidazoles, which are very much stronger bases than 

pyrroles, can be rapidly acylated by acid anhydrides and acid halides (including halides of phos¬ 

phoric and sulfonic acids). (See Eqs. 25 and 26.) 

h3c 

-N 

"N 
H 

+ 

o o 
II II 

CH.COCCH 

H3C 

—N' 

O 
II 

-CCH, o H3C 

© 

o 
II 

.CCH, 

(25) 

OCCH 

N 
H 

-N' 

'N' 

2 

O 

(C2H50)2PC1 

N 
H 

O 
II 
P(OC2H5)2 

+ 

H 
(26) 

The resulting A-acylimidazoles are themselves excellent acylating agents. They are about as reactive 

as acid anhydrides,19 and have found wide use in the synthesis of esters and amides. In contrast to 

acid halides or anhydrides, no acids are formed as byproducts of the reactions (see Eqs. 27 and 28). 

—N 

J + c2h5nh2 

N 
I 
c=o 

CH, 

n-N 

Q 
I 
P =0 

/ \ 
ch3o och3 

o 
II H 

ch3c—nc,h5 

(27) 

o 
II 

O—P(OCH3)2 + 

(28; 

The effectiveness of imidazoles in these reactions is based, in part, on their remarkable dual¬ 

ity of properties. As amidine derivatives, they are strong bases compared to most trivalent nitrogen 

compounds and therefore are powerful nucleophiles. However, once acylation takes place the acyl 

groups are linked to the single bonded, nonbasic nitrogens, and the imidazole units become excel¬ 
lent leaving groups. 

An additional reason for the high rates at which acylimidazoles react with nucleophiles is that the 

imidazoles formed during the reactions actually act to catalyze further reaction. In fact, imidazoles are 

excellent catalysts for the hydrolysis of esters, as well as of more reactive carboxyl derivatives. 

(Imidazole catalysis of the hydrolysis of esters has been the subject of intense study because the 

amino acid histidine, which contains an imidazole unit, appears to be the active site in enzymes 
such as chymotrypsin, which hydrolyze esters in biological systems.) 
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Careful investigations have identified several mechanisms by which imidazoles act as cata¬ 

lysts for the hydrolysis of esters.19 They can simply abstract protons from water, forming hydrox¬ 

ide ions that then attack the esters. However, another duality in the properties of imidazoles is that 

while they are much stronger bases than pyrroles, they are also stronger acids and are easily con¬ 

verted to their anions. (Imidazole itself has a pKa around 14.4, compared with a pKa of 17.5 for 

pyrrole.) The conjugate anions of imidazoles are very effective nucleophiles in reactions with 

esters, and the resulting acylimidazoles are rapidly hydrolyzed, as shown in Eq. 29. 

-N 

J 
©/H 

-N 

SN 
H 

J + 

'N 
© 

-N 

J (29a) 

-N 

N 
© 

N=a 

o 

+ rcoc6h5 

N= 

=/ 

o 

©r N—CR + OC6H5 (29b) 

=J 

O 
. II 
N—CR + H,0 

O 

=/ 

NH + HOCR 
(29c) 

Neutral imidazole molecules, as well as their anions, can act as nucleophiles in reactions 

with very reactive esters, such as para-nitrophenyl acetate (Eq. 30). 

Alkylation. The strongly acidic conditions required for Friedel-Crafts alkylations often 

destroy five-membered ring heterocycles. Even when initial alkylation at C2 is successful, the 

products are susceptible to further alkylation. (This contrasts with acylation, in which the acyl 

group deactivates the ring to further reaction with electrophiles.) Thus, while some 2-alkyl and 
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2,5-dialkylfurans and pyrroles can be isolated from Friedel-Crafts reactions,9 the yields are low 

and these are generally not useful synthetic procedures. 

Friedel-Crafts alkylation of thiophene is somewhat more successful, but yields are still low, 

as Eq. 31 shows.12* 

+ CH=CH—CH3 
-N 

CH(CH3) 3'3 
(31) 

19% 

Pyrroles normally do not react with alkyl halides in the absence of catalysts. However, the 

more basic imidazole ring does react readily with alkylating agents. It is invariably the imino nitro¬ 

gen atom that is alkylated, so that the resonance energies of the aromatic ring and of the amidine 
group are retained (Eq. 32). 

H3C 

-N 
+ ch3i 

CH, 

H3C ©^ch3 
-N 

H3C 

N 

CH 

J 
-N' 

J 

-CH, 

N 
I 

CH, 

(32) 

r© 

Reactions with carbonyl groups. In contrast to benzene and other aromatic hydro¬ 

carbons, TT-excessive heterocyclic rings can react with aldehydes and ketones in the presence of 

acidic catalysts. However, the resulting hydroxyalkyl-substituted molecules (e.g., 1), are extremely 
easily converted to “carbocations” such as 2 (Eq. 34). 

♦Pyrrole reacts with carbocations in the gas phase to yield the three possible monoalkylation products (Eq. 33). 

H~\ + CHjCH® 

dST 
H 

(The carbocations were formed by y-ray irradiation of alkanes, so the reactions were acid-free.) Unlike most other elec¬ 

trophilic substitution reactions of pyrrole, attack occurs principally at the (3 positions. It has been suggested that the prod¬ 

uct composition is determined by the initial electrostatic interaction between the reagents, so that reaction occurs principally 

at the site of highest electron density in pyrrole.20 Gas-phase alkylations of furan occur principally at the a-carbons, while 

alkylation of thiophene occurs essentially equally at the a- and (3-carbons.20 

,ch2ch3 

ex * o 
roduct ratios: 69 

N 
H 

22 

CELCH N 
I 
ch2ch3 

9 

(33) 
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+ CH =0 
HCl 

X = O, S, or N—R 

X 

1 

HCl 

'CH2OH 
(34) 

These cations can themselves act as electrophiles in reactions with heterocyclic rings. Thus, the 

reaction of thiophene with formaldehyde and hydrochloric acid or zinc chloride forms compound 

3, as well as smaller amounts of the chloromethylation product 4. (Similar reactions can take place 

with derivatives of furan and pyrrole, as in Eq. 36.14,16-17) 

+ ch2=o 
HCl 

(35) 

+ ch2=o + h2o 

ch3 
(36) 

These processes need not stop at reaction of two heterocyclic rings. If the second a position 

of a pyrrole is not already occupied, for instance, the reaction is likely to continue further to yield 

tetrameric products (porphyrinogens), as in Eq. 37. 

(37) 

The tetramers from reactions with aldehydes are usually immediately oxidized with loss of six 

hydrogen atoms to yield molecules called porphyrins.21 The simplest member of this class 

(R' = H) is called porphin. 
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It may appear that only one of the four heterocyclic rings in a porphyrin retains a pyrrole 

structure, but the molecule as a whole contains an 18 Tr-electron aromatic ring. The 18 electron 

aromatic ring system remains intact even if the double bonds between 3 positions of several of the 

five-membered rings are reduced, because unshared electrons on nitrogen atoms remain part of the 

18-electron system. 

The dianions of porphyrins form very strong complexes with metal ions. Several of these 

complexes are of enormous importance in biological systems. Hemes (iron complexes), the col¬ 

ored portions of hemoglobins, and chlorophylls (magnesium complexes) are perhaps the most 

obvious examples. 

heme 

Analogs of Mannich reactions. Acid-catalyzed reactions of five-membered ring het¬ 

erocycles with formaldehyde and secondary amines frequently yield 2-substituted derivatives, in 

a variation of the Mannich reaction of ketones with formaldehyde and amines.22 The Mannich 

reaction is usually considered to proceed via the initial formation of an immonium salt, as shown 
in Eqs. 38 and 39. 

HCl © 0 
-> H2C=N(CH3)2 Cl0 + h2o (CH3)2NH + CH2=0 (38) 
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© 
+ H2C=N(CH3)2 - | | H 

H3C^^O^^CH2N(CH3)2 Cl0 

|NaOH 

CH2N(CH3)2 

(39) 

Reactions with conjugated carbonyls. Pyrroles undergo conjugate addition reac¬ 

tions with conjugated carbonyl compounds. As usual, reaction normally takes place at a posi¬ 

tions, if possible. These reactions can be catalyzed by acids but may also proceed without 

catalysts, as in Eqs. 40 and 41. 

O 
II 

+ ch2=ch—coc2h5 

+ 

NCX CN 

c=c 
/ \ 

NC CN 

O 
II 

ch2ch2coc2h5 

C=N 

/ 
c + 
\ 
C=N 

HCN 

(40) 

(41) 

Furan, which has much lower aromatic stabilization, behaves like a simple diene in reactions with 

conjugated carbonyl compounds and other dienophiles, giving Diels-Alder adducts (Eq. 42).23 

Reactions of Fused-Ring Systems 

In contrast to reactions of the monocyclic five-membered aromatic rings, indole, benzofuran, and 

benzothiophene undergo electrophilic substitution predominantly at C3 (Eqs. 43a and 43b). 

O 
II 

+ c6h5cono2 

o 
II 

c6h5coh 

(43a) 

(43b) 
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Substitution at C3 in any of the benzo-substituted heterocycles yields a very stable cation in which 

a new bond to the heteroatom has been formed to replace the carbon-carbon it bond broken by 

attack of the electrophilic agent. If, instead, C2 were attacked by the electrophile, formation of air 

bond to the heteroatom would disrupt the aromatic ring. 

a very stable cation a less stable cation 

The Mannich reaction of indole with dimethylamine yields a salt of the C3-substituted alka¬ 

loid gramine (one of the flavoring constituents of beer) (Eq. 44). Similar Mannich reactions form 

part of the biosynthetic routes leading to a wide variety of indole alkaloids. 

+ CH2=0 + (CH3)2NH 

H 

H 
I 

CH9— N(CHL), Cl 2 @v 3/2 
© (44) 

The tendency for indole derivatives to react at C3 is so strong that many products that appear 

to result from reaction at C2 are actually formed by initial attack at C3, followed by migration of 

the attacking group to C2. Deuterium labeling, for instance, demonstrated this to be the case in the 
reaction shown in Eq. 45.24 
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Reactions with Carbenes and Nitrenes 

Heating or photoirradiating ethyl diazoacetate in the presence of furan or thiophene yields cyclo¬ 

propane derivatives (Eq. 46).24 

O 
II 

+ n2chcoc2h5 
hv 

or A 

X = O, S 

(46) 

Pyrrole, however, is converted to 2-carbethoxymethylpyrrole under the same conditions 

(Eq. 47).25,26 

O 
II 

+ n2chcoc2h5 
hv 

or A 
o 

'N CH,COC,H, 
H L 

+ N„ (47) 

Pyrroles react with chloroform or bromoform and bases to form 3-halopyridines (Eq. 48).14 

+ CHBr3 
NaOC2H5 

(48) 

This interesting rearrangement appears to proceed by way of a cyclopropane intermediate, formed 

by the reaction of a dihalocarbene with the anion of the pyrrole. It is not clear whether the cyclo¬ 

propane is formed in one step or via an intermediate carbanion, as shown in Eq. 50. 

CHBr3 + RO0 -* :CBr2 + ROH + Br0 (49) 
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Remarkably, reactions of thiophenes, pyrroles, and furans with carbethoxynitrene all result in 

the formation of products containing pyrrole rings! Sulfur is eliminated in the reaction of thiophene, 

while the heteroatoms from furan and pyrrole are retained in the products (Eqs. 51 to 53).27 

O 

H3C s 

II 
n3coc2h5 + S + N„ (51) 

h3ct CH, 'N 

I 
co2c2h5 

o 
II 

+ n3coc2h5 

C02C2H5 

(52) 

o 

+ n3coc2h5 + N„ 

C02C2H5 

(53) 

The structures of the reaction products suggest that they are formed by 1,4-additions of the 

nitrenes to the rings, followed by ring-opening steps. However, 1,4-addition reactions of carbenes 

are very rare (see Chapter 9, page 247). It seems likely, therefore, that initial 1,2-additions are fol¬ 

lowed by rearrangements to form the 1,4-addition products, as in Eq. 54. 
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11.4 SYNTHESIS OF FIVE-MEMBERED HETEROAROMATIC RINGS 

Carbonyl Cyclization Reactions 

Furan, pyrrole, and thiophene rings are most commonly prepared from open-chain carbonyl deriv¬ 

atives. Derivatives of furan, for instance, are readily prepared by reacting 1,4-dicarbonyl com¬ 

pounds with acids (Eq. 55). 

CH — CH2 

c6h5 

/ 
h4p2o5 

+ h2o 

o 
// 

(55) 

O 
'C6H5 c6h; 'O' 'C6H5 

Furan itself is prepared commercially by pyrolysis of furfural (furan-2-carboxaldehyde) in 

the presence of metal-containing catalysts (Eq. 56). 

'O' 

O 
II 

'CH 

400°C 

catalyst 
+ CO (56) 

'O' 

Furfural, in turn, is obtained commercially by treating fibrous vegetable materials, such as oat 

bran or corn cobs, with acid. In the initial stages of this process, carbohydrate polymers are 

hydrolyzed to pentoses, such as xylose. The pentoses are then dehydrated and cyclized to form 

furfural (Eq. 57). The details of the mechanism are still not certain, but compound 1 appears to be 

a key intermediate.2 

H-c^° 
I 

H—C—OH 
I 

HO—C—H 
I 

H—C—OH 

CH2OH 

H. A .0 

H •0 

'C- 
I 
c=o 

I 
H—C 

II 
H—C 

I 
ch2oh 

H © 

'O' 

o 
II 

'CH 

+ h2o (57) 

Thiophenes may be prepared by reactions of 1,4-dicarbonyl compounds with phosphorus 

pentasulfide (Eq. 58) or with hydrogen sulfide in the presence of mineral acids.14 

CH.—CH, 
/ 

CH, w o o 

\ 

// ""CH, 

p2s5 
(58) 

ch; 'CH, 

Pyrroles are commonly formed by the Paal-Knorr synthesis * in which 1,4-dicarbonyl com¬ 

pounds are condensed with ammonia or primary amines.28 Unlike the similar cyclizations to form 

furans and thiophene rings, the synthesis of pyrroles takes place under weakly acidic conditions, to 

avoid completely converting the amines to their salts. The Paal-Knoor reaction has been applied to 

*The term “Paal-Knoor synthesis” is also applied to the preparation of furans and thiophenes from 1,4-dicarbonyl 

compounds. 
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the synthesis of “heterocyclophanes,” in which C2 and C5 or C2 and C4 of the pyrrole rings are 

linked to each other so as to form polycyclic ring systems (Eqs. 59 and 60).29,30 

In the Knorr synthesis, a-aminoaldehydes and a-ami noketones condense with 3-dicarbonyl 

compounds or 3-ketoesters at approximately pH 4 to form pyrroles (Eq. 61). 
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\\ 
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CH 
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c—oc2h5 

'CH, 

C6H5 
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'N' 
I 
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O 

.COC2H5 

+ 2 H20 

CH, 

(61) 

One difficulty with this process is that a-aminocarbonyl compounds easily undergo self¬ 

condensation on standing, so they must usually be prepared immediately before use. Often, the 

aminoketones are actually prepared in the presence of the dicarbonyl compounds to minimize the 

likelihood of self-condensation.31 One convenient way to do this is by reduction of an a- 

ketooxime, which may be formed by reaction of a carbonyl compound with an alkyl nitrite in the 
presence of base, as shown in Eq. 62. 

O 
II 

C6H5CH2CCH3 + 0=N—OC2H5 

nh7 o 
I II 

c6h5ch—cch3 

(Reaction of a carbonyl compound with an alkyl nitrite closely resembles a Claisen condensation, 

except that the nitrite ester replaces a carboxylate ester as the electrophile that reacts with an eno- 
late anion.) 

C6H5C—CCH, 
ii 3 
o 

(62) 
Zn.HCl 
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In the Hantsch synthesis, pyrroles are formed by the reaction of ammonia or a primary amine 

with an a-haloketone and a (B-ketoester (Eq. 63).31 The orientation of substituents in the products 

indicates that a-aminocarbonyl compounds are not intermediates in the Hantsch synthesis. The 

exact sequence of reactions in its mechanism is still not certain, but it presumably starts by addition 

of the ammonia or amine to the carbonyl group of the ketoester. 

Cl 
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c=o 
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h3c 

+ nh3 

c—OC,H 
/ 2 ' 

+ CH 
I 

XL 
O 

2 

ch3 

HOAc 

h3c 

o 
II 
coc2h5 

ch3 

(63) 

Pyrroles may also be formed by conjugate addition of a-aminocarbonyl compounds to 

acetylenic ketones or esters31 (Eq. 64). 

c6h5. 

C6H' 

'C=0 
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CH— NH, 
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co2ch3 
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co2ch3 

CM, H CCECTC 
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^co2ch3 
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H 

HOAc 

c6h5 co.,ch3 
s' 

c6h5^ ^co2ch3 

(64) 

+ h2o 

H 

The Fischer Indole Synthesis 

In 1883 Emil Fischer discovered that phenylhydrazones of aldehydes and ketones are converted to 

indoles on reaction with strong acids (Eq. 65). This reaction has since proved to be one of the most 

useful methods for preparing indoles.32 

/CH3 

c + 
xch3 

h2so4 
© Q 
NH, HSOV 

2-methylindole 

(65) 

A key step in the Fischer indole synthesis is the conversion of the phenylhydrazone to its 

enamine tautomer, which can then undergo a [3,3] sigmatropic shift to form a new carbon-carbon 

bond. Tautomerism of the resulting cyclohexadienimine to an aniline and addition ot the ammo 

group of the aniline to the imino group of the side chain yields the indole (Eq. 66). 
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^u3c^cn3 
'C 

II 
,N 

H © 

"N" 
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^>H>C^c-CHj 

H 

"N" 
H 

,N—H 

-CH2^c/CH3 

NH 
I (66) 

It is worth noting that the sigmatropic shift forms the diimine of a 1,4-dicarbonyl compound, so 

that the early steps in the Fischer indole synthesis can be regarded simply as an unusual method of 
preparing 1,4-dicarbonyl derivatives for cyclization to pyrroles. 

Dipolar Cycloaddition Reactions 

The Hantsch and Knorr reactions and the Fischer indole synthesis have been used since the nine¬ 

teenth century to prepare heterocyclic compounds. In contrast, although individual examples of 

dipolar cycloaddition reactions have been known for many decades, the concept of these reac¬ 

tions as a general class that can be used to prepare a wide variety of heterocyclic rings was first 
proposed by Rolf Huisgen of the University of Munich in I960.33 

In dipolar cycloaddition reactions, a “1,3-dipole” adds to a tt bond to form a five-membered 

heterocyclic ring.34’35-36 By analogy with the Diels-Alder reaction, the molecule containing the 
reacting tt bond is called a dipolarophile (Eq. 67). 

1,3-dipole 

dipolarophile 
w 

© 
1,3-dipole a = b — c° 

VV' . 
dipolarophile Q — e 

cl — J 
(67) 

A 1,3 dipole can be regarded as an allylic anion in which the central atom bears a positive 

charge (at least in its major resonance forms). Thus, 1,3-dipoles bear no net charges, although it is 

impossible to draw structures for the molecules in which the charges are eliminated. 1,3-dipoles 

may also have triple bonds in place of the double bonds, in which case they resemble propargylic 
anions rather than allylic anions. 

Some 1,3-dipoles exist as reasonably stable molecules. Ozone and hydrazoic acid are well- 
known inorganic dipoles. 

.. © Q o © 
0=0-0: <— :Q-0=p: .. © § © © 

H —N=N = N: « * HN=N—N: 

ozone 
hydrazoic acid 



Section 11.4 Synthesis of Five-Membered Heteroaromatic Rings 325 

The best-known organic 1,3-dipoles are diazomethane and its derivatives, such as ethyl diazoac¬ 

etate (which was first prepared in 1883). Other stable 1,3-dipoles include organic derivatives of 

hydrazoic acid, such as phenyl azide. 

r © © © © 
CH2=N = N: <—*> CH—N = N: 

diazomethane 

O o' 
II © © II © © 

C2H5OC —CH=N=N: «—* C2H5OC—CH — N = N= 

ethyl diazoacetate 

© © © © 
C6H5—N=N = N: <—*• C6H5—N —N = N: 

phenyl azide 

The formation of heterocyclic rings by cycloaddition reactions of diazoalkane derivatives 

with alkenes was first observed in the nineteenth century, although the nature of the processes 

involved were somewhat obscured by proton shifts in the initial products (Eq. 68). 

O O 

o © 
II © 

CH3OC — CH V~N 

CH3OC 

H 

N. 
CH3OC 

'N NH (68) 

ch2=chco2ch3 

'co2ch3 co2ch3 

Unlike diazoalkanes and aryl azides, many 1,3-dipoles are too reactive to be isolated at 

room temperatures and must be prepared in the presence of the alkenes or alkynes with which 

they will react. Among the most useful 1,3-dipoles are “nitrile ylides,” which may be prepared 

by the dehydrochlorination of imidoyl chlorides (Eq. 69) or by the photolysis of 2H-azinnes 

(Eq. 70).34 

Cl 

C6H5C=N — CH 

r3n 

© © / \ 
H—C = N—CH—C ? 

-6^5 

© © 
C6H5 C —— N-— CH 

-NO, 

NO, 

(69) 
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hv © © 
C6H — C = N— CH— C6H5 

© © 
C6H5— C = N= CH— C6H5 

(70) 

Nitrile ylides cannot be isolated, but they can be “trapped” by reaction with molecules con¬ 
taining tt bonds to form heterocyclic rings as in Eq. 71. 

c6h- 
© 
c= 

ch2=ch— co2c2h5 

NO, 

(71) 

The initial cycloaddition products may be converted to pyrroles by oxidation or by the elimination 

of leaving groups, if any are present on the rings. Reaction of nitrile ylides with compounds con¬ 

taining triple bonds yield 2H-pyrroles, which rapidly tautomerize to lH-pyrroles (Eq. 72). 

© © 
C6H—C = N— CH— CfiH, 

CH3OC—C = CH 

H 
c6h5 

o 
II 

c2h5oc 

c6h5 

c6h5 

o 
II 

c2h5oc 

c6h5 

(72) 
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PROBLEMS 

1. Draw structures for the principal organic products from the reactions below, or write “no reaction.” 

(a) + CH3C1 

(b) 

H3C 

+ C2H5I 

(c) + HNO, 
Ac.O 

(d) 

(1) NaNH, 

(2) Ac20 ' 

(e) 

<t> N' 
I 

CH 

O 
II 

+ CH,CH 
HCl 

(f) /r~y + 

o 
/ 

o 

(g) 

N 
I 

H 

O 

+ CHCI3 + K® OC(CH3) 
0 

3'3 

+ (h) 4,— C— CH2NH2 

O O 
II II 

H3COCCH2C(f) 
HOAc 
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(i) 

CH, 

H,SO. 

O 
II © 0 

(j) H3COC—CH=N=N + 

O 
II 

H3COC—C= 

o 
II 

C — COCH3 

2. Would you expect pyrazole to be a stronger base or a weaker base than pyrrole? Should it be a stronger 

or weaker base than imidazole? Explain the reasons for your answers. 

H 

pyrazole 

3. Suggest reasonable mechanisms for the reactions in Eqs. 55, 57, 59, 61, 62, and 63 in this chapter. 

4. Suggest reasonable mechanisms for the following reactions, using curved arrows to represent electron 

motions. Do not combine any two steps into one. 

(a) 

O 
II 

+ c6h5ch 
hci 

C6H5 

H 
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CH, 

(f) iC 4> CH, 

(K.M. Biswas et al., Perkin Trans. 1, 461 [1992]) 
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Abnormal Claisen rearrangements, 
106-7 

Abrahamson, E.W., 31 
Acetoxy groups, neighboring, 182 
Acetyl nitrate, 310 
Acid halides, 311-12 
Acidites 

of pyridium salts, 273 
of superacids, 144 

Acridine ring system, 272 
Acrylic acids, 131 
Acylating agents, 311,312 
Acylation 

Friedel-Crafts, 311 
of furan, pyrrole, and thiophene, 

311 
of imidazoles, 312 

Acylcarbene rearrangements, 
255-57 

Acyloin rearrangements, 149-50 
Addition-elimination mechanisms 

in carbaiiion rearrangements, 

205-9 
in free radical rearrangements, 

231-33 
in reaction of halopyridines, 

280-83 
Additions to double bonds, 245-51 
Aldehydes, 314 

acetylenic, 323 
a-amino, 321 

decarbonylation of, 225 
in ene reactions, 69, 70 
phenylhydrazones of, 323 

Alder Endo Rule, 62-65 
Alder ene reactions, 69-70 
Alder, Kurt, 61, 64 
Aldoximes, 

dehydration under Beckmann 
rearrangement conditions, 165 

formation of, from Barton reac¬ 
tion, 229 

Aliphatic systems with fixed 
geometries, linear free energy 
rearrangements in, 131-32 

Alkanes, rearrangements of, 145-46 

Alkenes 
reactions with, 1,3-dipoles, 325 

Alkyl group migrations 
in carbenes, 253-54 
in carbocations, 137-46 
in nitrenium ions, 163-64 

Alkyl groups: anchimeric assistance 
by, 194-98 

Alkyl nitrites, 322 
Alkylation 

of five-membered heterocyclic 

rings, 313-14 
Friedel-Crafts, 314 
of furans and pyrroles, 314 
of pyridine, 273 
of thiophenes, 314 

Alkynes 
reactions with 1,3-dipoles, 

325-26 
rearrangements of, 259-60 

Allenes 
cyclic, as intermediates in aryl- 

carbene rearrangements, 
261-63 

formation of, from cyclopropyli- 
denes, 253 

1,3 hydrogen migrations in, 88 
Allowed reactions, 22, 53, 55 
Allyl cation, 8 
Allyl vinyl ethers, Claisen 

rearrangements of, 103 
Allylcarbinyl cations, 185 
Allylic group migrations, 100-7, 

110 
catalysis of, by acids, 109, 154 
catalysis of, by bases, 110 
in Stevens rearrangements, 

217 
in Wittig rearrangements, 

213-14 
a-Diketones, benzilic acid 

rearrangements of, 151-52 
a-Haloketones, Favorskii and 

Quasi-Favorskii rearrange¬ 
ments of, 218-22 

a-Halomethylene anion rearrange¬ 
ments, 255-56 
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a-Halosulfones, Ramberg- 
Backlund rearrangements of, 
223-24 

a-Hetero carbanion rearrange¬ 
ments, 210-18 

a-Hydroxyaldehydes and 
a-hydroxyketone, acyloin 
rearrangements of, 149-50 

ct-Pinene, rearrangement of, 
147 

Ambiphilic carbenes, 250 
Amides 

basicity of, 305 
resonance in, 305 

Amidines, 307, 312 
Amines, 

use as bases, 221,224, 318 
basicity of, 305 
reactions with carbenes, 214 
secondary, in Mannich reactions, 

316,318 
Amino acids, 313 
Ammonia, 321-23 
Ammonium ylides, 

formation of, 214 
rearrangements of, 215-18 

Anchimeric assistance, 177-78 
Anions, electrocyclic reactions of, 

37-40 
Anilines, 323 
Anthracene, 307, 308 
Antiaromatic molecules, 257. See 

also oxirenes, 1,4-dihydropyr- 
azines 

Antiaromaticity, 15, 36, 37 
Antibonding orbitals, 27 
ANRORC mechanisms, 288-91 
Antarafacial additions, 52-53, 55, 

56 
Antarafacial sigmatropic shifts, 

84-86 
Amdt-Eistert reaction, 256 
Aromatic rings 

carbene addition to, 307 
heterocyclic, 269-97, 302-26 
as migrating groups, 182-84, 

207-8, 231-33,255-56 
in porphyrins, 316 
in relation to Woodward- 

Hoffman rules, 35-37 
stabilities of, 307 

Aromatic transition states, 35-37, 
53,56, 138 

for sigmatropic reactions, 86-87 
Aromaticity, 15, 44 
Aryl group migrations, 207-8 

in the Baeyer-Villiger reaction, 
167-68 

in the Beckmann rearrangement, 
164 

in carbocations, 184-85 
in carbanions, 207-8 
in carbenes, 225-56 
in free radicals, 231-33 
in rearrangements of peroxides, 

166 
in the Stieglitz rearrangement, 

163 
Arylcarbene rearrangements, 

260-63 
Arylnitrene rearrangements, 

260-63 
“Aufbau” approach, 29 
Aza-Claisen rearrangement, 103 
2H-Azirines, 325 
Azoisobutyronitrile (AIBN), 225 

Backbone rearrangements, 155-56 
Baeyer-Villiger reaction, 167-68 
Bamford-Stevens reaction, 241 
Bartlett, Paul D., 58 
Base catalysis of sigmatropic reac¬ 

tions, 110 
BDE. See Bond dissociation energy 
Beckmann, Ernst, 164 
Beckmann rearrangement, 164-65 
Benzene, 26, 269, 304, 310, 314 

Dewar. See Dewar-benzene 
trans, 26 
photocyclization products of, 

42 
Benzidine, para. See 

Hydrazobenzene 
ortho. 111 

Benzidine rearrangements, 110-14 
Benzilic acid rearrangements, 

151-52 
Benzo[b]furan (Benzofuran), 303, 

317 
Benzo[c]furan, 303, 317 
Benzo[c]thiophene, 303, 317 
Benzothiophene, 303 
Benzothiophene (Benzo[b]thio- 

phene), 303 
Benzvalene, 42 
Benzyl group migrations 

in carbanions, 208-9 
in cyclohexadienomes, 154 

Bicyclic molecules, nomenclature 
of, 186 

[4,2,0] Bicycloheptenes, 1,3 
migrations in, 100 

[2,1,1] Bicyclohexenes, 1,3 
migration in, 100 

[6,1,0] Bicyclononatrienes, 1,7 
migrations in, 100 

Bicyclobutane, 42 
Bicyclobutonium ions, 192 
[4,l,0]Bicycoloheptadienes, 246 
Bimolecular photoaddition reac¬ 

tions, 74 
Biological systems, 131, 313, 316 
Biradicaloids, 101 
Bischler-Napieralski reaction, 297 
Bishomo [l,2]-shifts, 157 
Bishomoaromatic ring systems, 188 
Blocked aromatic systems, 96-99 
Bond dissociation energy (BDE), 

20-21 
Bonding orbitals, 27 
Bomane, 186 
Brown, H.C., 188, 196 
Butadienes, 

Diels-Alder reactions of, 61-68 
electrocyclic reactions of, 21, 

23-24,31-35,42-46 
reactions with carbenes, 251 

Camphene hydrochloride, 195 
Camphenilone, 209 
Canonical forms, 8; See also, 

Resonance forms 
Carbanion rearrangements, 203-24 
Carbenes 

ambiphilic, 250 
dihalo, 242-43, 
nucleophilic, 249-50 
singlet and triplet, 243-45, 

248-52, 254 
triplet, 243-45 

Carbenes and carbenoids, 240-63, 
acyl, 255-57 
aryl, 260-63 
cycloaddition reactions of, 

245-51 
formation of, 241-43, 257-60 
insertion reactions of, 251-53 
of paracyclophanes, 245 
reactions with pyrroles, 319 
poly, 240 
rearrangements of, 253-63 
stable, 244 

Carbenes, carbenoids, and nitrenes, 
240-68 

Carbenoids. See Carbenes and 
carbenoids 

Carbocations, 136 
rearrangements of, 143-56 
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Carbohydrates, 321 
Carbon-centered electrophiles, 

reactions, with five-membered 
heterocyclic rings, 311-18 

Carbonyl addition reactions, 
292-94 

Carbonyl cyclization reactions, 
321-22 

Catalysis, 
of Claisen rearrangements, 109 
of Cope rearrangements, by 

acids, 109, 154 
of Cope rearrangments, by base, 

110 
of decarbonylation of furfural, 56 
of Diels-Alder reactions, 66 
of [1,5] shifts, 154 
of [5,5] shifts, 110 

Cations, electrocyclic reactions of, 
37-40 

nonclassical, 174-202 
Charged systems, sigmatropic reac¬ 

tions in, 109-16 
Chemically induced dynamic 

nuclear polarization peaks. 
See CIDNP peaks 

Chichibabin reactions, 285-86 
Chloromethylation, 315 
7-Chloronorbomadiene, 190 
Chlorophylls, 316 

chlorophyll-a, 316 
Cholesteryl halides or tosylate, 185 
Chymotrypsin, 313 
CIDNP peaks, 216-17, 252 
Claisen Condensations, 322 
Claisen rearrangements, ortho 

abnormal, 107 
of allyl phenyl ethers, 103-7 
of allyl vinyl ethers, 103 
catalysis of, 109 

Claisen rearrangements, para, 

104- 6 
mechanism of, evidence for, 

105- 6 
Closed-ring isomers of polyenes, 

21 
Cocatalysts, 145 
Complexes 

of metals, with porphyrins, 316 
Concerted mechanisms, 113 
Conjugated carbonyls, reactions of, 

317 
Conjugated double bonds, 10 
Conrotatory interconversion of 

stereoisomers, 35 
Conrotatory processes, 21-26,43,44 

Conservation of orbital symmetry, 
33 

Continuous rings of electrons, 20 
Cope, Arthur C., 158 
Cope rearrangements, 83, 87, 

100-103, 109 
Correlation diagrams 

for electrocyclic reactions, 
31-35 

for cycloaddition reactions, 53 
Cram, Donald, 182 
Cubanes, formation of, 219 
Cumulenes, heterocyclic, 263 
Curved arrows, definition of, 2, 20, 

22 
Curved Hammett plots, 130 
Cyanohydrin formation, 6 
Cyclic acetoxonium ions, 183 
Cyclic halonium ions, 175-76 
Cyclic phenonium ions, 182-84 
Cycloaddition reactions, 51-82, 

295-96 
[2+ 2], 56-61,73-77 
[4+ 2], 61-70 
[6+ 2], 70 
[6+ 4], 72 
[8+ 2], 71 
[12+ 2], 72 
[14+ 2], 73 
[18+ 2], 73 
antarafacial, 32, 55-56 
of carbenes, 244-51 
with 1,3-dipoles, 324-26 
with ketenes, 59-60 
photochemical, 73-77 
polar mechanisms for, 60-61 
selection rules for, 53-56 
from singlet states, 74-75 
thermal, 56-73 
from triplet states, 74-75 

Cycloalkanes, nonbonded interac¬ 
tions in, 161 

Cyclobutenes, 
electrocyclic reactions of, 

20-21,23-26 
reaction with carbenes, 246 

Cyclodecapentaene, electrocyclic 
reactions of, 44 

Cyclodecenes, transannular migra¬ 
tions in, 158-59 

Cycloheptatrienyl cations, 195 
Cyclohexadienes, 

electrocyclic reactions of, 22 
rearrangements of, 83-84, 92, 

95-96 
Cyclohexadienimines, 323 

Cyclononenes, transannular migra¬ 
tions in, 158-59 

Cyclononyne, formation of, 256 
Cyclooctane derivatives, rearrange¬ 

ments of, 158-60 
Cyclooctatetraene dianions, 204 
Cyclooctene, cis and trans, 57 
Cyclopentadienes, 

Diels-Alder reactions of, 63-64 
intramolecular 1,4-carbene 

addition with, 247 
rearrangements of, 94 
sigmatropic rearrangements of, 

92-95 
Cyclopropane formation, 245-46 
Cyclopropane rings as neighboring 

groups, 191-94 
Cyclopropanones, 245 
Cyclopropenes, 245, 258-59 

interconversion with carbenes, 
258-59 

Cyclopropenones, 221, 246 
Cyclopropenyl cations, 245 
Cyclopropoxide anions, 209-10,222 
Cyclopropyl anions, electrocyclic 

reactions of, 40 
Cyclopropyl cations, electrocyclic 

reactions of, 39 
Cyclopropylidenes, 253 
Cyclopropylmethyl cations, 

191-94 
Cyclopropylmethyl Grignand 

reagents, 206 
Cyclopropylmethyl halides, 191 
Cycloreversion reactions, 51-82 

of carbenes, 247, 253, 258-59 
selection rules for, 53-56 

Decarbonylation of aldehydes, 225 
of furfural, 321 

Degenerate rearrangements, 139, 
142-43 

Delocalization, of electrons, 8-16 
Deoxyribonucleic acid (DNA), 

285,303 
Deuterosulfuric acid, 305, 307 
Dewar-benzene, 25-26, 42 
Dianions 

of porphyrins, 316 
Diazoalkanes, 325 
Diazoketones, Wolff rearrange¬ 

ments in, 255 -57 
Diels-Alder reactions, 61-68, 105, 

324 
catalysis of, 66 
of furan, 217 
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Diels-Alder reactions (Cont.) 

of intermediates in para-Claisen 
reactions, 105 

regiochemistry of, 66-68 
retention of configuration in, 62 

Diels, Otto Paul Herman, 61 
Diene reactions. See Diels-Alder 

reactions 
Dienol-benzene rearrangements, 

155 
Dienone-phenol rearrangements, 

152-56 
Dienophiles, 62, 69 
Diethylaluminum chloride, 69-70 
Diethylstilbestrol, 45 
Dihaloacarbenes, 

formation of, 242-43 
reactions of, 245, 252 

1,4-Dihydropyrazines, [1,3] migra¬ 
tions in, 89-90 

1.2- Dihydropyrazines, 90 
Dihydropyridine formation, 

287-88 
Dimethylaluminum chloride, 

69-70 
7,7-Dimethoxynorbornadiene, 

thermolysis of, 247 
Diphenyline, 111 
Dipolar cycloaddition reactions, 

324-26 
Dipolar molecules, formation and 

cyclization of, 40-42 
Dipolar resonance forms, for con¬ 

jugated dienes, 9-10 
of carbonyls, 9-10 

Dipolarophiles, 324 
1.3- Dipoles 

formation and cycloaddition 
reactions of, 40-42, 324-26 

resonance forms of, 324 
Diradical intermediates, 67 

in carbene reactions, 249 
in photochemical reactions, 

75-77 
in thermal cycloadditions, 

56-59 
Diradical mechanisms, 26 
Diradical reactions. See diradical 

intermediates 
Diradical resonance forms, for con¬ 

jugated dienes, 9-10 
Disrotatory interconversion of iso¬ 

mers, 32 
Disrotatory processes, 21-26, 30,43 
Dissociation processes, free radi¬ 

cal, 212 

in cyclobutanes, 57 
in Stevens rearrangements, 

216-17 
in Wittig rearrangements, 212 

DNA (deoxyribonucleic acid), 285, 
303 

Doebner-von Miller synthesis, 296 
Doering, W. von E., 167, 245 
Dorfman, E., 167 
Double bonds, carbene additions 

to, 245-51 
Double Helix, The (Watson), 285 

Effects of ring size, 179 
Electrocyclic reactions, 20-50, 

295-96 
correlation diagrams for, 31 
with odd numbers of atoms, 37-42 

Electron delocalization and aro¬ 
maticity, 304-5 

Electron delocalization and 
resonance, 8-16 

Electron donors 
in cycloaddition reactions, 55 
in Diels-Alder reactions, 66 
in five-membered heterocyclic 

rings, 304 
Electron motions, 3 
Electron-deficient centers, migra¬ 

tions to, 136-72 
Electrophilic substitution reactions, 

174, 275-330 
Electrostatic influences, on reactiv¬ 

ity, 131 
Enamines, 10, 232, 323-24 
Endo isomers, 62-65 
Endo Rule, 62-65 
Energy hills, 3 
Enol ether, 10 
Enophiles, 69 
Enthalpy, of activation, 3 
Entropy, 127 
Esters 

hydrolysis of, 312-13 
nitrite, 322 
synthesis of, 312 

Ethyl diazoacetate, 325 
Ethylaluminum dichloride, 69 
Excited states, 43 
Exo isomers, 62-65 

Favorskii rearrangements, 218-22 
Femtosecond spectroscopy, 56 
Field effects on reactivity, 131 
Fischer, Emil, 323 
Fischer indole synthesis, 323-24 

Fishhooks, single-barbed, 
definition of, 2 

Five-membered heteroaromatic 
rings, synthesis of, 321-26 

Five-membered heterocyclic rings, 
302-30 

Forbidden cyclic transition states, 174 
Forbidden reactions, 22, 55 
Free pyridines, electrophilic 

substitution reactions of, 278 
Free radicals 

formation of, 225-26 
rearrangements of, 212, 225-33 
sigmatropic shifts in, 227-30 

Friedel-Crafts conditions, 144, 156, 
184, 276,311,313,314 

Frontier orbital approach, 30-31, 
35,43,53,54 

for sigmatropic reactions, 87-88 
Fukui, Kenichi, 22, 30 
Fundamental symmetry, 35 
Furans, 302 

aromatic stabilization energy of, 
305 

reactions of, 307, 309-11, 
314-15,317,319-20 

resonance forms of, 305 
synthesis of, 321 

Fused-ring systems, 
backbone rearrangements in, 

141, 155-56 
dienol-benezene rearrangements 

in, 155 
dienone-phenol rearrangements 

in, 153 
with five-membered heterocyclic 

rings, 303, 318, 323-25 
with six-membered heterocyclic 

rings, 270-72,275,278-80, 
284, 287, 295-97 

Gassman, Paul G., 188 
Geometrical isomers, 56 
Good leaving groups, specifi¬ 

cations for, 4-5, 7 
Gramine, 318 
Grignard reagents, 206 

homoallylic, 206 
of pyrroles, 311 

Ground states, 43 

Halogenation, 276-77, 307-10 
Halopyridine rings, nucleophilic 

substitution reactions of, 
280-82 

Hammett acidity function, 144 
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Hammett diagrams, 125, 126 
Hammett equation, 122-31 
Hammett, Louis P., 122 
Hammett plots, 130 
Hammond postulate, 14 
Hantsch synthesis, 293, 323, 324 
Heavy arrows, definition of, 22 
Heavy atom isotope effects, 

on benzidine rearrangements, 
113-14 

on quinamine rearrangements, 
116 

Heteroatoms, 291 
Heterocyclic rings 

five-membered, 302-30 
six-membered, 269-301 

Heterocyclophanes, 322 
Hexatrienes, electrocyclic reactions 

of, 20, 22-24, 30-31 
High activation enthalpy, 3 
Highest occupied molecular orbital 

(HOMO), 29-30,43 
Hine, Jack, 242 
Histidine, 303, 313 
]H NMR spectra, see NMR spectra 
Hoffman, A.K., 245 
Hoffmann, Roald, 22, 30 
HOMO. See Highest occupied mol¬ 

ecular orbital 
Homo[ 1,2] shifts, 157 
Homoallylic, Grignard reagents, 

206 
Homoallylic cations, 185 
Homocyclic rings, definition of, 269 
Homoenolate anion rearrange¬ 

ments, 209-10 
Hiickel transition states, 36, 37 
Hiickel’s rule, 35-38 
Huisgen, Rolf, 41, 324 
Hund’s rule, 244 
Hybrid structures, 8-9; See also, 

resonance forms 
Hydrazobenzene (benzidine), 

111-12 
Hydrazoic acid, 324 
Hydrazonaphthalene, 112 
Hydrazones, 

oxidation of, 242 
toluenesulfonyl, 241 

Hydride ions, 7 
intermolecular transfer of, 145-46 
transannular migrations of, 

158-160, 162-63 
Hydrocarbon anions, 7 

sigmatropic shifts in, 203-5 
Hydrogen-bridged cations, 162-63 

Hydrogen migrations 
in carbanions, 203-4 
in carbenes, 253, 259-60 
in carbocations, 139-40, 

143-45, 156-60, 162-63 
in free radicals, 227-29 
longdistance, 156-57 
thermal! 1,3], 88 
thermal[l,5], 83-84, 86, 92-93 

thermal [1,7], 99 
transannular, 158-60, 162-63 

Hydroxypyridine-pyridone 
tautomerism, 282-85 

Hyperconjugation resonance 
forms, 10 

Imidazoles, 303 
acylation of, 312-13 
protonation of, 310 

In phase, wave functions, 26-27 
Indenes, migrations in, 93-95 
Indole, 303 

electrophilic substitution of, 
317-18 

Indoles 
rearrangements of, 318 
synthesis of, 323-4 

Inductive effects, 131 
Insertion reactions, 251-53 
Insignificant resonance forms, 

9-10 
Intermediates 

definition of, 2, 3 
diradical, 67 
zwitterionic, 61 

Intersystem crossing, 43 
in carbenes, 244, 248 
in cycloaddition reactions, 75-76 

Intimate ion pair, 183 
Intramolecular Friedel-Crafts reac¬ 

tions, 184 
Intramolecular substitution reac¬ 

tion, rearrangement by, 218-24 
Inverse electon-demand reactions, 

66 
Irradiation, 42, 44 
Isobomyl chloride, 195 
Ao-cholesterol (/-cholesterol) 

rearrangements, 185-86 
Isoindenes, 95-96 
Isoindoles, 303 
Isolated double bonds, 10 
Isomers, 20, 21 
Isoquinoline rings, 270, 

reactions of, 278-79 
synthesis of, 297 

Kekule resonance forms, 304 
Ketenes, cycloadditions of, 59-60 
Ketol-ketol rearrangements, 

149-50 
Ketoximes, Beckmann rearrange¬ 

ments of, 164-66 
Ketyl radical anions, 211-12 
Kinetic products, 13 
Kinetics, of benzidine rearrange¬ 

ments, 111-13 
Knorr synthesis, 322, 324 

Leaving groups, 4-5, 7 
Lehn, Jean-Marie, 182 
Lewis acids, 109, 144 
Lewis formulas, 8 
Linear free-energy relationships, 

122-35 
Lithium reagents, 206 
Loftfield mechanism, 219-22 
Loftfield, R.B.,219 
Long-distance migrations, 156-63 
Longuet-Higgins, H.C., 31 
Lowest unoccupied molecular 

orbital (LUMO), 29-30, 43 
Lucas, H.J., 175 
LUMO. See Lowest unoccupied 

molecular orbital 

Magic acid, 144, 146 
Mannich reactions, 316-17 
Mechanisms of reactions, 1-7 
Medium rings, conformations and 

reactivities of, 160-62 
transannular migrations in, 

158-60, 162-63 
Methylenecyclohexadienes. See 

semibenzenes 
Migration tendencies, 141-43 
Migrations to electron-deficient 

centers, 136-72 
Migratory aptitudes, 140-41 
Mirror planes, 28, 29, 31 
Mobius strips, 36-37 
Mobius transition states, 36-37, 56 
Molecular orbital calculations, 

227 
Molecular orbital theory, 11 
Molecular orbitals, symmetries of, 

26-30 

NAD+, 288 
NADH, 288 
Neber rearrangement, 224 
N-Bromosuccinimide (NBS), 

308 
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N-Chloroimines, Neber rearrange¬ 
ments of, 224 

N-Chlorosuccinimide (NCS), 308 
N-Haloamines, rearrangements of, 

164-65 
N-Methylisoindole, 303 
N-Nitrosoamides, 241 
Neighboring acetoxy groups, 182 
Neighboring alkyl groups 

in 2-norbomyl cations, 194-98 
Neighboring group elfects, 174-202 
Neopentyl system, 146-47 
Neophyl radicals, 231 
Nitration, 

of five-membered heterocyclic 
rings, 310-11 

of pyridines, 276-77 
Nitrenes 

additions to double bonds, 249 
aryl, rearrangements of, 263 
formation of, 243 

Nitrogen migrations, 163-68 
Nitrogen mustards, 178 
NMR spectra 

of carbanions, 203 
of carbocations, 139-41, 157 
CIDNP peaks in, 216-17, 227, 

252 
of pyridine and an analog, 271 

NMR spectroscopy, 38 
Nobel Prizes, 22, 30, 61, 144, 182, 

285 
No-bond resonance, 10 
Nodes, in molecular orbitals, 27, 29 
Nomenclature 

ofbicyclic molecules, 186 
of five-membered heterocyclic 

rings, 302-4 
of six-membered heterocyclic 

rings, 271-72 
Nonbonding pairs, 2 
Nonclassical cations, 174-202 
“Nonclassical ion” hypothesis, 

194-98 
Nonparallel arrangements, of 

orbitals, 15 
Nonplanar ir systems, 15-16 
Nonpolar resonance forms, 10 
Nonstereospecific ring openings, 

45-47 
7-Norbomenyl cations, 187 
7-Norbomenyl derivatives, anti 

andsyrc, 186-89 
2-Norbomyl cations, 195-98 
2-Norbomyl derivatives, exo and 

endo, 194-98 

Novel types of reactions, 4, 5 
N-oxide formation, 273, 279-80 
Nucleophilic addition 

to pyridine rings, 280-81, 
287-88 

to unsubstituted positions, 
285-87 

Nucleophilic carbenes, 249-50 
Nucleophilic substitution reactions, 

174 
of halopyridine rings, 280-82 

Nucleotides, 285 

Octatetraenes, electrocyclic reac¬ 
tions of, 23 

Odd numbers of atoms in elecro- 
cyclic reactions, 37-42 

Olah, George A., 144 
Open-chain cations, migrations in, 

156-57 
Open-chain isomers, 20, 21 
Orbital symmetry, 26-30 

conservation of, 33 
Orbitals, 15, 26-30 

antisymmetric, 29 
Organolithium reagents, 205-8, 

210-14 
Organotin reagents, 213-14, 225-26 
ortho-Xylylene, 70-71 
Out of phase wave functions, 27 
Oxidation steps, 286-87 
Oxime tosylates, Neber rearrange¬ 

ments of, 224 
Oximes. See aldoximes and 

ketoximes 
Oxirene, 256-57 
Oxygen migrations, 163-68, 256 

Paal-Knorr synthesis, 321 
Parallel arrangements of orbitals, 15 
Partial bonds, 3 
Pedersen, Charles J., 182 
Pentadienyl anions, 

electrocyclic reactions of, 40 
rearrangements of, 203-4 

Pentadienyl cations, electrocyclic 
reactions of, 40 

Pericyclic reactions, 20, 37, 83-84, 
174 

Peroxides, chain initiation by, 226 
decomposition of, 226 
rearrangements of, 166 

Peroxy group migrations, 230-31 
Phenanthrenium ions, rearrange¬ 

ments of, 141-42 
Phenyl azide, 325 

Photochemical cycloaddition reac¬ 
tions, 73-77 

Photochemical electrocyclic reac¬ 
tions, 42-47 

Photochemical sigmatropic reac¬ 
tions, 91-92 

Photoirradiation, 22 
Photosensitizers, 75-76 
Pinacol and semipinacolic 

rearrangements, 148-49 
Plas, Henk van der, 288 
Polar mechanisms, 

in cycloaddition reactions, 60-61 
in sigmatropic reactions, 90-91 

Porphins, 315 
Porphyrins, 315 
Precalciferol, 44 
Prelog, V„ 158 
Previtamin D3, 99 
Primary carbocations, 139, 140 
Prismane, 42 
Promoters, 145 
Proposing mechanisms of reac¬ 

tions, 1, 2, 4-7 
Protonation 

of five-membered heterocyclic 
rings, 305-7 

of imidazoles, 310 
of pyridines, 272-73 

Pyrazine rings, 270 
reactions of, 287 

Pyridazine rings, 270 
Pyridine, N-oxides, 279-80 
Pyridines, 270 

conjugate acids of, pKa values, 
279 

'H NMR spectra of, 271 
N-oxides of, 279 
nomenclature of, 271-72 
orbital structure of, 271 
reactions with acids and elec¬ 

trophilic reagents, 272-78 
reactions with nucleophilic 

reagents, 280-92 
synthesis of, 292-96 

Pyridynes, 281-82 
Pyrilium salts, 270 
Pyrimidines, 270, 285 

reactions with amide anions, 
288-90 

Pyrolysis of cyclobutanes, 
56-57 

Pyrroles, 302 
nomenclature of, 302 
orbital structures of, 304 
7r-electron densities in, 304 
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reactions of, 305-12, 314-17, 
319-20 

synthesis of, 322-23 

Qualitative resonance theory, 8 
Quasi-Favorskii rearrangements, 222 
Quinamine rearrangements, 114-16 
Quinine, 270 
Quinoline rings, 270-72, 296-97 

electrophilic substitution reac¬ 
tions of, 278-80 

nucleophilic substitution reac¬ 
tions of, 287 

synthesis of, 295-97 

Racemization 
due to neighboring group partici¬ 

pation, 175-76 
in 2-norbomyl systems, 194-97 
in Snl reactions, 174 
in Stevens rearrangements, 216 
in Wittig rearrangements, 211-12 

Radicals, 87 
Ramburg-Backlund reaction, 

223-24 
Rate-limiting steps, 3 
Reaction constant (p), 125-28 
Reaction mechanisms and the 

Hammett equation, 127-28 
Reactivity in Diels-Alder reactions, 

65-66 
Reasonable mechanisms of reac¬ 

tions, 1-7 
Regiochemistry, 66 
Regioselectivity 

in Diels-Alder reactions, 66-68 
Resonance energy, 14-16 
Resonance forms 

of allylic anions, 212 
of allylic radicals, 205 
of a-amino anions, 224 
of a-cyano and a-keto carboca- 

tions, 150 
of amides, 305 
of carbenes, 244 
of carbocations, 8, 10, 11, 15, 

150 
of cation from bromination of 

quinoline, 279 
of cations from protonation of 

pyrrole, 306 
of a dienolate anion, 13 
dipolar, of a ketone, 9 
of 1,3-dipoles, 41, 324-26 
of an enamine, 10 
of an enol ether, 10 

of ethene, 9 
of five-membered heterocycles, 

305 
hyperconjugation forms, 10 
of pnra-aminobenzoic acid, 123 
of polarized aromatic rings, 123 
of pyridine N-oxides, 279 
of 2- and 4-pyridone, 283 
of the 2-pyridyl cation, 
of a radical anion, 205 
in rearrangements of carbanions, 

205-7 
significant and insignificant, 9 
of transition states in Wagner- 

Meerwein rearrangements, 142 
of 2,4,6-trinitroaniline, 16 

Resonance stabilization, 
of five-membered heterocyclic 

rings, 305 
of a para-biphenylyl anion 

Resonance stabilization energy, 
14-16 

Resonance structures. See 

Resonance forms 
Resonance theory, 8-16 
Retro-carbene rearrangements, 

257-60 
Retrocycloadditions. See 

Cycloreversion reactions 
Ribonucleic acid (RNA), 285, 303 
Ring strain, relief of, 147-48 
Rings, 20 

aromatic, 35-37, 182-84 
effects of size, 179 
five-membered heterocyclic, 

302-30 
homocyclic, 269 
medium, 160-62 
opening and reclosure, 288-91 
six-membered heterocyclic, 

269-301 
strained, 147-48, 160-61, 179, 

196, 222, 254, 257-58 
RNA (ribonucleic acid), 285, 303 
Roberts, John D., 195, 206 
Rotation modes, 23 

Saunders, Martin, 139 
Semibenzene rearrangements, 

98-99 
Semibenzenes (methylenecyclo- 

hexadienes) rearrangements 

of, 96, 98-99 
from Sommelet-Hauser 

rearrangements, 218-19 
Semidines, ortho and para, 111-13 

Separation of polar, resonance, and 
steric effects, 131-33 

Sigmatropic reactions, 83-121 
of charged systems, 109-16 
experimental observations, 

88-108 
and symmetry conservation 

rules, 86-88 
theory of, 83-88 

Sigmatropic shifts 
in free radicals, 227-30 
in hydrocarbon anions, 203-5 

[1.2] sigmatropic shifts 
in carbanions, 203 
in carbocations, 136-56 
in free radicals, 227 

[1.3] sigmatropic shifts, 88-90 
photochemical, 91-92 

[ 1,4] sigmatropic shifts 
in carbanions, 203 

[1.5] sigmatropic shifts, 92-99 
[ 1,6] sigmatropic shifts, 203 
[1,7] sigmatropic shifts, 99-100 
[l,n] sigmatropic shifts, 227 
[2.3] sigmatropic shifts 

in free radicals, 230 
in Sommelet-Hauser rearrange¬ 

ments, 217-18 
in Wittig rearrangements, 213-14 

[3.3] sigmatropic shifts, 100-107 
[5.5] sigmatropic shifts, 107-8 
Simmons-Smith reagent, 243, 248 
Singlet carbenes, 243-45, 251-52 
Singlet states 

in photochemical reactions, 43, 
74-77 

Six-membered heterocyclic rings, 
269-301 

nomenclature of, 271-72 
synthesis of, 292-97 

Skraup reaction, 296 
Sommelet-Hauser rearrangements, 

217-18 
Stein, G., 64 
Stereochemistry, 22 

of photochemical electrocyclic 
reactions, 43, 44-45 

Steric inhibition of resonance, 16, 
122 

Steroids, reactions of, 44, 153, 155, 
181, 185,229 

Stevens rearrangements, 214-17 
Stieglitz rearrangements, 163 
Stilbene, photocyclization of, 45 
Strain energies, 160 
Strained rings. See Rings 
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Substituent constant (cr), 122-25 
Substitution for heteroatoms in 

rings, 291-92 
Substitution with retention of con¬ 

figuration, 174-75 
Substitutions involving ring open¬ 

ing and reclosure, 288-91 
Sulfonation, 276-77, 310-11 
Sulfonium ylides, 

formation of, 214-15 
rearrangements of, 215-17 

Sulfur, 305, 320 
Sulfur dioxide, 223-24 
Sulfur mustards, 177-78 
Sulfur trioxide, 311 
Superacids, 144 
Suprafacial additions, 52-53, 55 
Suprafacial eight-electron cycload¬ 

dition reactions, 70-71 
Suprafacial sigmatropic shifts, 84-86 
Swamping catalyst effect, 277 
Symmetries of molecular orbitals, 

26-30 
Symmetry conservation rules. See 

Woodward-Hoffmann rules 
Synthesis, 

of five-membered heteroaro¬ 
matic rings, 321-26 

of polycyclic molecules by car- 
bene reactions, 245-46 

of six-membered heterocyclic 
rings, 292-97 

by Stevens rearrangements, 215 
by [2,3] Wittig rearrangements, 

213-14 
Synthetic tools, 42 

Taft equation, 132-33 
Taft, R.W., 132 
Tautomerism, Tautomers 

of aminopyridines, 284 
of hydroxypyridines and pyri- 

dones, 272-84 
keto-enol, 6, 89 

of purines and pyrimidines, 
285 

of thiopyridines, 284 
valence, 20 

Thermal cycloaddition reactions. 
See Cycloaddition reactions 

Thermal cycloreversion reactions, 
68-69 

Thermal electrocyclic reactions, 
22, 23, 43, 44 

Thermodynamic products, 13 
Thermolysis 

of alkynes, 259-60 
of esters, 89 

Thiamine, 304 
Thiazole, 304 
Thio-Claisen rearrangement, 107 
Thiophenes 

nomenclature of, 302-3 
reactions of, 307, 310-11, 

314-15,319-20 
stabilization energy of, 305, 

310-11 
synthesis of, 321 

Tin hydride reductions, 225-26 
Trans/Cis rate ratios, 180-81 
Transannular migrations, 

in carbocations, 158-60 
in free radicals, 233 

Transannular strain, 161 
Transition states, 2, 20 

aromatic, 35-37 
for Wagner-Meerwein rearrange¬ 

ments, 137-38 
Trifan, D„ 195 
Triplet carbenes, 243-45, 252-53 
Triplet states, in photochemical 

reactions, 43, 74-77 
Trishomo shifts, 157 
Tschitschibabin reactions, 

285-86 

Ultraviolet light, 42, 44 
Unshared pairs, 2 

Valence bond theory, 8 
Valence tautomers, 20 
Vertical planes of symmetry, 

28 
Vinyl group migrations 

in carbanions, 205-6 
in free radicals, 207 

Vitamin D3, 99 

Wagner-Meerwein rearrangements, 
136-39 

Watson, James, The Double Helix, 

285 
Wave functions, 27, 29 
Winstein, Saul, 175, 195, 196 
Wittig, Georg, 210 
Wittig reagents, 215 
Wittig rearrangements, 210-14 
Wolff rearrangements, 255-56 
Woodward, Robert B., 22 
Woodward-Hoffmann rules 

for cycloaddition reactions, 
53-56 

derivations of, 26-37, 53-56, 
88-89 

for electrocyclic reactions, 22 
in relation to rearrangements of 

carbanions, 203 
in relation to rearrangements of 

carbocation, 138 
in relation to rearrangements of 

free radicals, 227 
for sigmatropic shifts, 85-88 

Woodward-Hoffman rules, 22-26, 
47 

for cycloaddition and cyclore¬ 
version, 53-56 

explanations for, 26-37 

Ylide rearrangements, 214-18 

Zero energy level, 29 

Zwitterionic intermediates, 61 
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courses, including pericyclic reactions, formation and reactions of carbenes, 
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