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This volu,ne, the third in the series ‘The Chemistry of the Functional 
Groups’, follows in general the pattern established in the previous 
two volumes. The task which the authors were asked to fulfil re- 
mained as summarized in the foreword to the second volume: ‘ The 
authcrs of the chapters were asked to concentrate their efforts on a 
critical discussion of their subjects, emphasizing recent advances and 
new developments and addressing themselves mainly to postgradu- 
ate students and research workers. Material appearing in modern 
textbooks or reviewed satisfactorily in easily available sources was to 
be covered briefly and only then if it was considered to be necessary 
for the balance of the presentation. Nevertheless, each author was 
asked to treat his subject inonographically and a certain amount of 
overlap between the chapters was accepted in order to preserve their 
structural unity and to spare the reader from too frequent recourse 
to different chapters of the book. ’ 

In %wo aspects this volume differs from its predecessors. Firstly, 
while several chapters included in the plan of the previous two 
volumes did not materialize and had to be omitted from the. books, 
in the present volume all authors delivered their manuscripts, so 
that any incompleteness in the structure of this book is my own re- 
sponsibility. Secondly, owing to continued efforts on the part of 
the publisher’s editorial office in London, the interval between the 
receipt of the manuscripts and their appearance in print has been 
shortened, compared to previous volumes. In the forthcoming vol- 
umes of the series (two of which, ‘The Chemistry of the Amino 
Group’ and ‘The Cherr;istx=y of Carboxylic Acids and Esters’ are 
already in advanced stages of preparation) it will be attempted to 
shorten again as far as possible the publishing schedule. 

It is a pleasure to acknowledge my indebtedness to severalof my 
younger colleagues of the Hebrew University; to Mrs. Zdenka Grun- 
haum, to Mr. Chaim Gilon and to Dr. Michael Michman, who took 
on themselves some of the more laborioiis tasks of the preparation of 
this volume, such as translating and indexing. 

.Jerusalem, September 1966 SAUL PATAI 
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CHAPTER 1 
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1. INTRODUCTION 

The purpose of this chapter is to set out our present understanding of 
the electron organization of the ether linkage. The background which 
is assumed is about the level of the more elementary texts of modern 
valence theory l. 

Before reading this chapter, it is important that the reader has an 
objective appreciation of what has been achieved in work of this kind, 
in which quantum-mechanical methods are applied to the problems of 
chemical valence theory. The final aim of the work is a single unified 
quantitative theory of molecuiar structure and properties, and what 
has so far been achieved towards this goal for the ether linkage is 
typical of what has been done with most of the functional groups of 
large molecules. We cannot yet make precise quantitative predictions, 
but it would be surprising if our qualitative understanding proves to 
be seriously wrong. I t  is also important to realize that the depth of 
our understanding is very different for different phenomena. At one 
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2 D. Petcrs 

extreme, the electron organization in the ground state of molecules 
such as water is now quite well understood. At the other extreme, the 
chemical reactivity of, say, a complex ether is hardly understood at all. 
We should also nGtice that a niolecule the size of dimethyl ether Is just 
about within the range of modern high-accuracy Computations '* 3b, 3c, 

so that we can expect important advances in the accuracy of our wave 
functions for such molecules within the next few years. It is against this 
background that the present remarks must be interpreted. 

The results are presented primarily in the framework of high- 
accuracy computational work and not in the spisit of the semiempirical 
methods, although the latter are also used. Part of the reason for doing 
~kis is that the semiempirical method and its results have been 
thoroughly discussed elsewhere Since we have no accurate wave 
functions for even the smallest of the ethers, we have to argue by 
analogy with the closest molecule for which accurate wave functions 
are available. This is the water molecule, which is small enough to have 
been the subject of several accurate computations3. This decision to 
argue by analogy with small-molecule computations rather than de- 
pend upon semiempirical computations on larger molecules is made in 
the interests of simplicity and directness, and aiso to prepare the way 
for the use of the accurate computations which. will soon be forthcom- 
ing. The grezt zdvantage wbicli the high-accuracy (or u f7107i) c m i -  
putations enjoy is that they give unambiguous numbers for observables, 
whereas the semiempirical theories give results which are complicated 
functions of the parameters whose numericai values are chosen at  the 
beginning of the work. This makes it virtually impossible to assess the 
reliability of the latter methods. 

The only unfamiliar part of this chapter will probably be the section 
on the nature of the isolated oxygen atom. This is included because the 
idea * of the ' atom in the molecule' is part of thc foundation of nearly 
all chemical valence thcory. The basic approach used here is molecular- 
orbital theory at  various levels of sophistication. This is preferred to the 
valence-bond theory because we can now make accurate computations 
of molecular-orbital wave functions and because the valence-bond 
theory is too complicated, both in the mathematical work and in the 
interprctation of the resulting wave functions, to be of immediate 
use in detailed computations on many-electron systems. The various 
concepts of molecular-structure theory, such as electronegativity, 
hybridization, conjugation, etc. , will be used throughout without de- 
tailed preliminaries l. 

The geometry of the simple ethers, such as dimethyl ether, and the 
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coordinate sysreili is shown in Figure 1 (note the choice of A' and y axes 
to conform with the IUPAP recommendation5 and that 2px0 may be 
written 2pro) .  This coordinate system will be used thrcm&out. The 

FIGURE 1. 

C6C bond angle is 112" and the C-0 bond lengih is 1.41 A in 
dimethyl ether6. The bond strength7 is 83-85 kcal/mole and the force 
constant of the carbon-oxygen bond8 is about 5 mdynlii. 

It is often helpful to use the local symmetry when working within a 
small region of a large molecule. In doing this we assume that the 
distant parts of the molecule (the remote methyl groups in ciiethyl 
ether, say) have only a small effect on the properties of the ether link- 
age itself. The local symmetry in the ncighbourhood of the ether 
linkage is C,, and the character table of this group is given in Table 1. 

TABLE 1. The character table of the C,, group. 

The atomic orbitals and the linear combinations of atomic orbitals 
which belong to the irreducible representations of the group are 
shown on the left of Table 1. Notice that if a molecular orbital is of 
symmetry b2, say, it can oiily contain 2py0, (2s, - 2s,.), etc., and it can- 
not contain any other atomic orbital or linear combination of atomic 
orbitals. This is the essential group-theory result that w e  need. 

There are two different ways of representing the same wave function 
in molecular-orbital theory. I n  the first the wave function is written 
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down in terms of the delocalized molecular orbitals. In  the second it is 
written down in terms of the localized molecular .orbitals which cor- 
respond to the chemical bonds and the lone I t  is essential to 
realizc that these two descriptions are only two different ways of wnt- 
ing down the same tora: waye functionll. Notice that this result is 
only valid, in general, for the ‘closed shell’ ground states of singlet 
molecules and not for the general case. The reason for using two 
different ways of representing the same total wave function is that a 
particular phenomenon may look quite simple in terms of one set of 
molecular orbitals but rather involved in terms of the other set. Details 
OD- tlik point are given elsewhere loall. 

The only important units required here are the electon volt (ev) 
and the kilocalorie. The relationship between them is as shown in 
equation (1). 

(1) 

The physical constants quoted in this chapter are taken from 

1.0 ev/molecule = 23-06 kcal/mole 

reference 12 unless othenvise specified. 

IS. T H E  ISOLATED OXYGEN A?OM 

The nucleus of the oxygen atom contains eight protons and eight, nine. 
or ten neutrons giving the stable isotopes loo, 1 7 0 ,  and l80, with l 6 0  

making ‘zp 99.76% of the natural abundance. Thc nuclei of l 6 0  and 
le0 have no spin and so for ali chemical purposes they behave as 
charged mass points. The 17(3 nucleus has a spin of $ (in units of h/27r) 
and so it behaves as a magnet and as an electric quadrupole. This 
means that there is an energy of interaction between this nucleus and 
the magnetic and electric fields created by the rest of the molecule or 
an externally applied field and this is potentially a valuable source of 
information, via paramagnetic and quadrupole resonance espx-imenis, 
about the electron organization iii and around the ether linkage. 
There are difficulties in realizing this possibility and little attention 
has yet been given to it 13. 

The eight electrons of the oxygen atom are first described by the 
statement of their configuration, which is ( 1 ~ ) ~ ( 2 ~ ) ~ ( 2 p ) ~ .  This is the 
crudest possible description; if electrons did not interact with each 
other through coulomb and exchange forces, this configuration state- 
m e n t  would describe the single level of the ground state of the oxygen 
atom. It  would b~ highly degenerate because there are many ways of 
arranging the :our 2b electrons among the six 2p atomic orbitals. When 
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we allow for the interaction between the electrons, for the Pauli 
principle and for the indistinguishability of the electrons1", it turns out 
that this single state is replaced by three states, usually written 3P, 
l D  and IS. The triplet state lies lowest (Hund's rule), the lD state lies 
2.0 ev higher and the lS state 2-2 ev higher again. The first excited 
state, built from the configuration ( 1 ~ ) ~ ( 2 ~ ) ~ ( 2 p ) ~ ( 3 x ) ~ ,  lies about 
10 ev higher than the jP ground state, the exact number depending on 
what one takes for the energy of a configuration. There is an additional 
interaction between the magnetic moments of the spin and orbital 
angular momenta which creates further splittings, such as that of the 
ground state into 3P2, 3P1, and 3P0 but these are sm-all (about 0.02 ev) 
coinpared wdh typical bond cnergics (about 3 ev). 

The important energy quantity of the atom is the ionization energy 
of the valence electrons. The experimentally lowest ionization 
energy14'of the 3P ground state is 13.6 ev but this number is partly 

13-6 ev 
0 , 3 ~ , ( ~ 2 ~ 2 p 4 )  --+ o+, 4syi~22~22p3) (2) 

determined by the complicated spin and orbital angular momentum 
coupling in the neutral atom and in the ion. I t  is better to use the 
ionization energy of the 'valence state' of the atom in the molecule, in 
which this coupling has been averaged over all the states of the atom. 
This condition of the atom then corresponds more closely with that in 
the molecule where the electric fields from the other atoms quench this 
coupling. There are two different models for the atom in the molecule. 
The first model14 gives a value of 15.9 cv for the ionization energy of 
the 2p electron of oxygen. The second model15 gives values of 17-3 ev 
for the ionization energy of the valence 2 1  electron and i4-6 ev for that 
of the lone-pair electron. This is a large ionization energy for a valence 
electron and it is the reason for thc high electronegativity cf the oxygen 
atom, if we use Mulliken's definitionI6 of this quantity as the mean of 
the ionization energy and the electron affinity (which is small). 

The electroncgauvity of an element is usually thought of as a pro- 
perty of the atom 17, although it is difficult to see how this comes about 
for a property which is so closely related to both bond energy and 
bond polarity when these are determined by the molecule as a whole. 
Nevertheless, the idea of electronegativity has been remarkably success- 
ful and we make use of it here. The results of the accurate wave 
functionslob certainly seem to agree with the general idea of electro- 
negativity at least in so far as bond polarity goes. Its connection with 
bond energies is less clear at the moment. 
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111. 5ONDiNG IN SIMPLE ETHERS 

The clearest way to describe bonding in simple ethers is to start with 
the simpiest description and work our way up to the most refined 
description I.$ the electron organization in the ethers. I n  this way it is 
possible to have continuous gradation of theory and to see how the 
simpler ideas are related to the more sophisticated ones. All af the 
simpler descriptions arc in terms of localized bonding and the more 
elaborate ones in terms of deloralized bonding. 

The most elementary picture of the bonding in the simple ethers is 
that found in chemistry texts and is depicted in Figure 2. The im- 
portant implication of this picture is that we can divide *.:p the eight 

-C 
/ \  

valence electrons intc! four pairs, one pair for each bond and two lone 
pairs. This division of the electrons into pairs (but see reference 18) is 
on@ of the cer,tral assumptions of chemical valence theory and i t  is 
only recently that this has been coxfirmed by the modern wave 
functions lo. 

The next more refined statement is that the bonds are formed from 
the 1s atomic orbital of the hydrogen atoms and the 2p atomic orbitals 
(properly directed) of the oxygen atom, while the lone pairs are formed 
from the 2s and the 2p, atomic orbitals of oxygen. Such bonds may be 
represented by the valence-bond wave function (equation 3), or by the 

molecular-orbital wave function (equation 4), where o! and /I are the 

usual spin functions and the electron label is written as a superscript. 
The functions as written are not normalized. The complete wave 

duct of such functions and then antisymmetrizing this product for the 
exchange of electrons between the bonds and lone pairs. 

fu7-L-.- I Luun for a large molecule is then obtained by- writing down a pro- 
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Such a description of the bonding is the simplest possible quantita- 
tive statement. We might call such a bond the 'standard bond '. This is 
built from the pure atomic orbitals of the atoms; it is pedectly localized 
and it is non-polar. I t  is important to realize that this is probably 
accurate enough a picture to explain bond formation and to give 
something like one-half of the bond energy. We cannot prove this con- 
tention yct and in sayin. i t  we are assuming that the correlation of the 
two electrons of the bonu is somehow allowed for, and that the electron 
kinetic energy is also increased over that given by a simple molecular- 
orbital wave function. The remainder of the bond energy is provided 
by three additional correction factors, each of which probably con- 
tributes some 5 to 10 kilocalories per mole to the bond energy. We 
will shortly discuss these in turn. 

Before doing that, we must connect up this picture with that of the 
oxygen atom given in section 11. The point hcre is that we haye to 
' unpair' the electrons of the triplet ground state of the free atom before 
the two eIectrons are free to form bonds. After the spins are unpaired, 
the oxygen atom is in a condition which is not a pure state but which 
is a mixture of the ", lD and IS states. This is called the valence state 
(a better term would be the valence condition) of the oxygen atom 
and to put the atom into this state requires some energy (about 1 ev 
here). This is the promotion energy of the atom. This increase in the 
total energy of the system is outweighed by the decrease in the total 
energy when the two bonds are formed. 

We return now to the three correction factors which increase the 
bond energy over that of the standard bond. The first of these is the 
polarity of the bond. Bonds certainly are polar, so there must be a 
lowering of the total energy of the system when we go from the standard 
non-polar bond to the real polar bond (variation principle). The ques- 
tion is whether the two electrons of the carbon-oxygen bond are 
equally shared between carbon and oxygen or whether the carbon 
atom has, say, 0.9 electrons and the oxygen atom has 1.1 electrons. 
This is often answered by saying that molecules such as diethyl ether 
have a dipole moment so the bonds must be polar and that the theore- 
tical explanation of this is that the electronegativity of oxygen is higher 
than that of carbon. Since it is not quite clear just what role electro- 
negativity plays in determining bond energies, it is simpler to look at 
the resultslOb* loC of recent calculations3*19 on the OH radical and the 
water molecule. These results gave the charge diagrams shown in 
Figure 3. Then if we replace the hydrogen atoms by methyl groups, 
say, and remember that an 5p3 carbon hybrid atomic orbital is a little 
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more electronegative than a hydrogen atom lo* 15, we conclude that the 
polarity of the carbon-oxygen bond of a typical ether will be such that 
the oxygen atom carries 1.1 electrons and the carbon atom 0.9 elec- 
trons. This is not a precise statement, because atomic charges are not 
precisely defined quantities since their numerical values depend on 
what one means by an electron being 'on' an atom, but the result 
agrees with both electroriegativity ideas and with chemical experience. 

0- H 0-0.12 0-0.1 

+ 0.1 
I-!& / \  

H 
+ 0.12 

-0.13 +0.13 

H' 

FIGURE 3. 

I t  is tempting to try to check this result by comparing it with the 
dipole moment of the simple ethers (1.1-1.3 D ~ V ~ O ) .  This siml;le 
equating of bond dipole with observed dipole moment may well 
be an oversimplification, because there are other sources of electric 
moments in such molecules, particularly in the hybridization of the 
valence electrons and the lone pairs l*  lo, so that the experimental di- 
pole moment will be a sum of several electric moments all of similar 
size and of both signs. I t  happens, however, that the above charges dG 
give a reasonable estimate of the dipole moment (0.8 D) so perhaps we 
are overcstimating the importance of the hybridization dipoles. There 
is some reason to think that we are, because molecular-orbital wave 
functions make no allowance for the fact that the atom will resist de- 
formation beyond the point necessary to form the bonds. So perhaps 
the bond dipoles are the main contributors to the observed dipole 
moment. 

The second correction factor is concerned with hybridization. The 
questioc is whether the valence and lone-pair atomic orbitals of the 
oxygen atom are appreciably hybridized. I t  is often said21, for example, 
that the valence and lone-pair atomic orbitals of the oxygen atom are 
sps hybrids. The available resultslO" do not settle this question beczuse 
they do not establish hybridizations accurately enough, but there is a 
strong tendency in the results for hybridizations to be small. This is the 
best we can say at the moment. There must be some stabilizing of the 
molecule as a result of hybridization, but we cannot do more than guess 
that it will be a few kilocalories per mole. 

The third and thc most subtle of the three correction factors is the 
electron delocalization. This concept is familiar under the names of 
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conjugation, hyperconjugation and departure from perfect pairing in a 
valence-bond scheme. ,411 these terms describe the same physical t l h g .  
It is clear enough that the lowering of the total energy which results 
from the electron delocalization cannot he large in the simple a-bonded 
molecules, othenvise we would not have chemical bonds in the first 
place, but it is still very difficult to make non-empirical calculations of 
this quantity. Some approximate results 22 suggest that the upper limit 
to this delocalization energy is a few kilocalories per mole per bond. 

The third correction factor differs from the other two in that it may 
be thought of as an interaction between localized bonds. There are 
other interaction effects to be considered, such as the simple dipole- 
dipole interaction, the interaction between no2-bonded atoms, and the 
more subtle dispersion forces between different pairs of electrons in 
different bonds or lone pairs 23. I t  seems fair to say that we understand 
these factors very poorly and that we generally assume that they are 
small. 

Most of the abovc remarks refer to the 1oi:alizzd molecular-orbital 
description of the bonding. I n  an electron excitaticr s r  ionization ex- 
periment, however, we supply the molecule with such a large amount 
of energy (5-10 ev) that the factors responsibie for holding the elec- 
trons into the bonds and lone pairs are swamped and then we have to 
use the more general delocalized description of the electron organiza- 
tion. 'The best available estimate that we have for the forms of the de- 
localized molecular orbitals of the simple ethers is the set of molecular 
orbitals for the water molecule3. I t  is likely that those of the simple 
ethers will not differ too greatly from these. The molecular orbitals are 
given in Table 2. 

TABLE 2. Delocalized valence molecular orbitals of the water molecule3. 

(-430 (-43" (-.)3" 
~~ ~ 

la, = 0*845(2s0) +O.1328(2pz0) +0.1259(lsH+ lsHej 36.19 37.27 36.08 
6 2  = 0*5428(2P,o) +0*5486(1~,- 1sH') 18-55 19.21 18.54 

bl = I-0(2pXo) 11.79 13.59 13.48 
2Q1 = O.'k601(2~,) -0*8277(2),-0) -0*2362(1~H+ 1Ji1') 13.20 15.21 15.13 

These molecular orbitals are from reference 3a. Those from re- 
fcrences 3b and 3c are certainly more accurate, but they are less easy 
to interpret. The Is, atomic orbital has been dropped oiit of these 
molecular orbitals so they may not be accurately normalized. The 
Is,,-like inner-shell molecular orbital is also omitted from the table. 

1* 



10 13. Pctcrs 

The molecular orbital 6, is just the lone pair again, but there will be 
important modifications of this in the ethers (see below). The two a, 
molecular orbitals and the b2 one have replaced the 2s-like lone pair and 
the two bonds. The quantities in the right-hand columnsofTable 2 are 
the ionization energies of the molecular orbitals and are expected 
(Koopmans’ theorem) 24 to represent the observable ionization energies 
of the molecule. The tctal energy which is obtained from calculations 
such as these is not usually very useful because it contains the large 
correIation error25. The more useful information is contained in the 
forms of the molecular orbitals and in the ionization energy estimates. 
One of the important pieces of information which these give us is an 
idea of how strongly bonding, Eon-bending or antibonding is the 
molecular orbital. This is obtaiaed either by evaluating the overlap 
population (bond order) 26 both for the complete molecular orbital and 
for the various pairs of atoms or by evaluating the increase in the 
ionization energy ( -  &) of the molecular orbital on molecule forma- 
tionlOd. To work out the increase in the ionization energy of the mole- 
cular orbital, we take the difference of (-.) and the average ioniza- 
tion energy of the atomic orbitals which make up the molecular orbital, 
weighted according to their population in the molecular orbital. The 
details of this are given elsewhere for the localized bond; the extension 
to the delocalized bond is simplelod. I t  is true that the overlapping of 
the atomic: orbitals is only part of the full st01-y~~ but we may hope that 
it will be qualitatively correct. The results are given in Table 3. If the 

TABLE 3. Overlap populations and ionization energy increments in the 
water rnolccule26. 

Overlap populations 
Ionization energy 

incremcnts (ev) 

2 ~ 0 :  Is, 2 p : O :  1 . ~ ~  H1:Hz 2ju0: lsl1 Total/h:o ( -  6 c ) 3 ~  ( -  6 ~ ) ~ ~  (- 6 ~ ) ~ ~  

la, 0.21 0.01 0.01 - 0.47 7.1 8.2 7.1 
-0.45 0.33 0.21 3.9 4-6 3.9 - b2 - 

bz - 
2 ~ 1  -0.22 0.17 0.08 - - 0.02 -4.1 -2.1 -2.2 

- 0.0 -4.0 -2.3 - 2 4  - - 

overlap population between a pair of atomic orbirals is iarge and 
positive, the atoms are said to be bonded. If the total overlap popula- 
tion of a molecular orbital is large and positive, the molecular orbital is 
said to be bonding. If the ionization energy increment is large and 
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positive, the molecular orbital is said to be bonding. When these num- 
bers are small, or large and negative, the terms non-bonding and 
antibonding are used appropriately. 

From the table, it is clear that both methods of judging the bonding 
character of a molecular orbital give the same result. Notice that the 
bonding occurs in the lowest-energy molecular orbital of a given sym- 
metry species, the 6 ,  orbital apart. This is generally the case, the 
higher-energy molecular orbitals being quite dose to non-bonding or 
even slightly antibonding. In  other wcrds, by using the delocalized 
molecular orbits!:, we replace two bonds and one lone pair with two 
bonding molecular orbitals and one non-bonding one. Despite the fact 
that the appearance of the molecular orbitals changes drastically when 
using delocalized molecular orbitals, the description of the bonding 
has not chaqed  so markedly. 

One important example in which we need to know which molecular 
orbital is bonding is when we consider excited or ionized states, because 
then Tvve can draw some inferences about the geometry of the excited state 
or ion and about the photochemical reaction routes of the molecule28. 

Finally, we should mention the more recent developments in mole- 
cular-structure theory which will influence our chemicai vaience 
theory in the future. The first of these is concerned with the problem of 
choosing the best forms for the atomic orbitals of the atom in the mole- 
cule and in studying how these differ from the free-atom atomic 
orbitals 29. Another problem is that of the celebrated correlation 
energy of the electrons25. I t  is clear that points such as these will soon 
be of major importance in our theory of the ether linkage, remote 
though they seem at the moment. 

Looking at  the experimental facts, the bond energy of the ether 
linkage' is 83-85 kcal/mole and the bond-dissociation energy is rather 
smaller than this at 77 kcal/mole. The average bond energy is smaller 
thzn that in water, partly because of the greater polarity of the bond in 
water but partly for other reasons which are not understood yet. We 
cannot yet compute such a bond energy with useful accuracy, but we 
can compute the bond length and the bond angle of such a molecule as 
water quite sati~factorily~~, so that the geometry of the simple ethers 
will soon be within our computational facilities. 

IV. BON@!NG IN CONJUGATED ETHERS 
We take the non-cyclic conjugated ethers first and deal with the cyclic 
ones later. The conjugation in such molecules as the ar;l ethers was one 
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ofthe first cases in which conjugation was noticed30. It was represented 
then in valence-bond language by the interaction of the resonance 
structures such as 1 and 2 in the case of the vinyl ethers. We say that 

\ c=c-0 
' R  I 

\- I 

I / 
c-c=o 

R 

there is a lowering of the tota! energy under the resonance. This also 
suggests that there is a transfer of electrons (perhaps about 0.1 elec- 
trons) away from the oxygen atom. 

The molecular-orbital statement of the same physical effect is 
essentially the same as in the delocalized bonding case for the simple 
ethers (section 111). Taking the vinyl ethcr case and writing 7r for the 
ethylene 7r molecular orbital, the localized or non-conjugated wave 
function is as shown in equation (5), where the other molecular orbitals 

are represented by dots and the presence of a bar over the symbol de- 
notes 9 spin and the absence of a bar CY spin. The vertical lines represent 
the determinant which antisymmetrizes the whole function for electron 
exchange. The conjugated or delocalized counierpart is written in 
equation (6) ,  where and b2 must be obtained by solving a secular 

equation, although it is clear that these two molecular orbitals will bt: 
closely related to n- and 2px0. The molecular orbitals and +2 will not 
be exactly related to 7r an,d 2pxO by an orthogonal transformation, other- 
wise there would be no change in the total energy of the system on 
going from one representation to the other. 

This introduces the familiar Hiickel-type secular equation and de- 
t e r r n i n a ~ t ~ ~ .  The vinyl and aryl ethers have been treated by this 
theory1.32 and the results are certainly interesting but they must be 
accepted with caution. They are best thought of as constructive specu- 
lation. One of the difficulties is that, in molecules as complicated as the 
aq l  ethers, one has to choose th.e num-erical values for a number of 
parameters at the beginning of the calculation and the results depeiid 
critically on these choices. Ixdecd, there is sometimes a clear disasrce- 
ment between the semiempiricai methods sind the self-consistent field 
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method even as to the sign of the rr electron charge on certain atoms. 
The self-consiTtent field results show lob that, in the rr bond of the car- 
bony1 and nitrile groups, the 7~ electrons accumulate on the carbon 
atom and not on the osygen or nitrogen atoms. The reason for this is 
that the cr electrons accuniulate on the oxygen or nitrogen atoms te 
such an extent as to reduce it; eflective electronegativity towards the 
rr electrons below that of the carbcn atom. In this circumstance it is 
best tcj think of the Huckel method as dezling with some mixture of the 
c and r electrons and to think of the so-called m charges as total atomic 
charges. Some typical examples of these calculated charge distributions 
are given in the standard 

The question of the conjugation in cyclic ethezs such as furan is also 
in a somewhat unsettled state. I t  seems at  first sight that there could 
well be a large benzene-like resonance energy in furan. Whether33 or 
not7b there is a resonance energy depends upon how the term is de- 
fined; the present situation with regard to resonance energies is so 
confused (even for benzene34) that it is generally felt that the term 
should not be used. Perhaps we should return to the old-fashioned de- 
finition of the term ‘aromatic’ as a function of chemical reactivity36. 

The ultraviolet spectrum of furan (see below) is quite similar io that 
of the acyclic analogues so there is no evidence for extensive electron 
de!ocalization there. The most persuasive evidence for the existence of 
some aromatic character in furan is its low chemical reactivity as com- 
pared with the acyclic analogues, but it is equally true that this rmy 
have little or no direct bearkg oii Zow m eiecrrom ot the molecule 
behave. 

Several computations have been carried out on furan, the most 
thoroughgoing of which is still semiempirical in nature36. The results 
of this computation seem to agree well with both the energies of the 
excited states and with t t z  chemical reactivity, if this is thought of as a 
w-electron problem. The rr-electron populations which this calculation 
leads to are shmm in Figure 4. The low m-electron population on 

FIGURE 4. Calculated .rr-electron populations in f ~ r a n ~ ~ .  

oxygen seems a little odd since it requires about 7 ev to remove one- 
haIf of an electron from thc oxygen atom and it seems fLi to say that 
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the question of electron delocalization in furan is open to further 
work. 

V. BONDING IN STRAINED CYCLIC ETHERS 

The natural example here is the ethylene oxide molecule, and the 
valence problem of this is obviously very like that of cyclopropane, 
modified by the fact that the bond angle at osygcn is naturally smaller 
than that at  carbon and by the electronegativity of the oxygen atom. 
There have been several calculations on the cyclopropane molecule 37, 

none of them really accurate, but they all agree that the ring bonds are 
heavily bent, that the valence atomic orbitals used by the carbon 
atoms to form the ring bonds ccntain an unusually large amount of 2p 
character, and that the carbon-hydrogen bonds are rather like the 
ethylene ones. The source of the unsaturated character of the molecule 
is still somewhat obscure, although the fact that the ring carbon-carbon 
bonds are built from atomic orbitals wbich contain an unusually large 
amaunt of 2p character certainly suggests the possibility of ethylene- 
like conjugation. 

The ionization potential ofthe oxygen 2psr lone pair (10.6-10-8 ev) 46 

is rather higher than that of dimethyl ether (see below) so the de- 
localization of the carbon-hydrogen bonds with the 2 p r  lone pair may 
be less effective in ethylene oxide than in the simple e th~~rs .  There is 
also experimental evidence of charge migration away from the oxygen 
atom in ethylene o ~ i i d e ~ ~  and this could also increase the ionization 
potential of the 2 p r  lone pair electrons. 

VI. ELECTRONIC EXClTED STATES, ULTRAVIOLET 
SPECTRA, AND IONIZATION POTENTIALS 

O F  ETHERS 

The excited states of the simple ethers are only now being examined in 
the sort of detail which is necessary to establish the nature of the excited 
states with certainty 39. I t  is k n 0 ~ n ~ O -  *l that these compound:, Ske all 
molecules of any complexity, have several absorption bands below 
2000 A and some of these are certainly Rydberg transitions in which 
the 2px0 lone-pair electron is being excited to orbitals of principal 
quantum number 3,d,.  . . but the lower energy ones may be wholly or 
in part transitions to the antibonding valence-shell molecular orbitals 
of symmetry a1 or 6,. The transition to the Q, orbital from 2px0 is an 
allowed transition; that to the b, orbital is firbidden. It is interesting 
to notice that there should be triplet states of these two transitions 
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rather lower in energy (5-6 ev, say) and this should lead to some 
interesting photochemistry of the simple ethers24. This may be im- 
portant because it is not easy to break the ether linkage by convcn- 
tional means. 

The ultraviolet spectra of the simple aryl ethers such as anisoie have 
been examined thoroughly 42. These spectra are essentially those of the 
parent hydroci\rbon, the perturbing effect of the alkoxyl group shifting 
the bands to the red and intensifying them. I t  is generally agreed43 
that the inductive effect of the alkoxyl group is not important here, 
because even the -NH3+ substituent has remarkably little effect on 
the benzene spectrum, and even the conjugative effect is not large. 
This is hecause the ionization energy of the 2p, lone pair ofthe oxygen 
atom is several electron volts greater than that of the carbon atom and 
it is a general principle of molecular-orbital theory1 that two atcmic 
orbitals can only interact when their energies are close together. 
Alternatively, we may emphasize the charge-transfer nature of the 
alkoxyl group by writing the resonance structures such as 3 for both 

ground and excited states and supposing that this effect is more im- 
portant in the excited state. 

The reported computations43 on the ultraviolet spectra of the aryl 
ethers are semiempirical and accurate computations are not yet pos- 
sible for molecules as large as these. 

The cyclic ‘conjugated’ ethers such as furan have an ultraviolet 
spectrum which is rather like the acyciic analogues44 so that even in the 
excited stat= there is rather little interaction with the oxygen lone-pair 
electrons. One interesting type of ether spectrum is the charge-transfer 
one observed 45 with the ether-iodine complex. It is natural to suppose 
that the lone-pair electrons of oxygen act as donor to tbc i0diL.e mole- 
cule. The observed charge-transfer band is at 440-460 mp. (2.75 ev). 

The first ionization potentials of the simple oxygen compounds, in- 
cluding ethers, have been measured with the results shown in Table 4. 
That these are the ionization potentials of the 2px0 lone-pair electron is 
confirmed by the resillts of the water molecule calculations which 
show that the lone-pair clectron is the least tightly bound one. The 
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numbers in the table show that the electron delocalization is much 
more effective in lowering the ionization potential than in lowering the 
bond energies. This illustrates another principle of theory which is that 

TABLE 4. Ionizz-tion cnergies of simple oxygen 
corn pound^^^.^^ (cv). 

Ha0 McOH EtOH Me20 EtZO 
12.6 10-85 10-5 10.0 9.5 

when two orbitals interact, one goes up and one goes down (on the 
energy scale). The decrease in the ionization energy is then quite 
drastic, but the change in the total energy, which is the sum of the two 
energy changes, may be quite small. We are neglecting the two elec- 
tron contribution to the total energy in these remarks lo* 22. 

VI. CHEMICAL REACTIVITY OF ETHERS 
Like most chemical reactivity problems, that of the ethers has received 
very little theoretical attention so far. The difficulty is that the semi- 
empirical theories cannot cope with large changes in bond length 
because they ignore the two-electron terms which are just as important 
as the one-electron terms in determining bond energieslO'. On  the 
other hand, thc thoroughgcing theories have not yet been used on 
the problem, s 3  little progress has been made outside of the use of the 
qualitative (but, in its clearest forms, very useful) organic reaction- 
mechanism theory. 

Some qualitative remarks can be made. The chemistry of the ether 
linkage is dominated by the behaviour of the 2pw0 lone-pair electrons. 
These form the basic site for the addition of protons and other Lewis 
acids and for the formation of the oxonium salts". The effect of an 
added proton is obviously to withdraw electrons from the oxygen atom 
and perhaps from the carbon atoms, exposing the latter to attack by 
solvent and nucleophiles. The other general case in which the lone- 
pair electrons are important is when partial carbonium ion character 
is developed at the adjacent carbon atom as in the reactions of the 
a-halo ethers48. Then there is a pronounced stabilizing of the system 
by the lone-pair electrons of oxygen. 

Vi i i. Ti4 DGET H ERS 
Much of our understanding of these compounds is by analogy with the 
simple ethers. The sulphur shell has the configuration ( 3 ~ ) ~  (3fi)4 and 
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many of the points about oxygen carry over directly. The important 
point of difference is that the ionization energy of the sulphur 3p lone- 
pair electron (11.74 ev14, 12.4-1 1.1 ev15) is much lower than that of 
the oxygen lone pair and very much closer to the ionization energy of 
the carbon atom. This means that the interaction between carbon and 
sulphur may be quite large in the .rr-electron situation, particularly if 
the sulphur orbital is shrunk somewhat, and this may be the reason 
why thiophene is closer to benzene in its general chemistry than is 
Luran. Moreover, the thioethers absorb at  longer wavelength &an do 
the simple ethers 49 and this may be simply a consequence of the lower 
ionization energy of the sulphur 3p electron. The question of the role 
of the 3d atomic orbitals in the bonding of the sulphur atom is un- 
settled, some recent and direct evidence suggesting that the 3d atomic 
orbitals are unimportant in this connection 50 .  The ultraviolet spectra 
of the thioethers have been reviewed recently49. 
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1. INTRODUCTION 
The various possibiiities for the cleavage of phenyl ethers have been 
compreheruively summarized by Luttringhaus l. The remarkably cx- 
tensive work of Bui-wel12 surveys most of the field of acyclic ethers, 
giving special importance to studies where mechanistic interpretations 
are presented, but reactions like the splitting of isocholesteryl ethers, 
vinyl ethers and ring-opening reactions of cyclic ethers are not in- 
cluded. Lately-, Parker has studied the cleavage and rearrangement 
reactions of oxiranes. 

This chapter will review the present state of knowledge on ether 
cleavage reactions based on recent work. For this purpose, reactions of 
both cyclic and acyclic ethers will be described, but some selection re- 
garding the ether and the splitting reagent was f o u d  to be unavoid- 
able. Detailed results dealing with further possible splitting reagents 
have been presented by Burwell'. 

el. ACID-CATALYZED CLEAVAGE 

A. Kinetic Measurements of the Acidic Cleavage and Related 
Mechanisms 

For the acid-catalyzed hydrolysis of ethers, the rate equation (1) 
will generally be valid. The order for ether (m) is usually one. 

= k[ether]" [H']" d [ether] 
dt  

It is assumed that the first step in the reaction is the quick establish- 
ment of a preequilibrium. A proton is transferred from the hydronium 
ion to the cther and the conjugated acid is thus formed (reaction 2). 
The second rate-determining step proceeds either as a unimolecular 
cleavage, A1 (reaction 3), or as a bimolecular displacement, A2 (re- 
action 4). 

(C~H~)ZO+ H30+ + (C,H,),OH+ + H2O (2) 

(C,H,),OH + C2H50H + CzH,+ ( 3 4  

C3H5++2 HZO + CZHSOH+H30+ (3b) 

( 4 4  

(4b) 

Slow 

Fast 

Slow 
(CZH5)OH + + H20 - > CzHsOH + C2H50H2+ 

C,H50HZ+ + H20  ---+ CzH50H+ H,O+ 
Fast 
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As already noted by Burwell much work has been clone in order to 
determhe the reaction mechanism. In  the following section several 
methodswill be studied which could well lead to a conclu,;m between 
the two mechanGsms based on kinetic data. 

From the calculated value or" the entropy of activation, which should 
be positive4 for the ether hydrolysis, it has been suggested by Long and 
Paul5 that primary and secondary ethers are cleaved via an A1 
mechanism. The activation entropy is calculated from equation (5). 

(5) 

For ester hydrolysis, AS* values range froin 0 to + 10 and from - 15 to 
- 30 cal/deg mole for the A1 and A2 mechanisms, respectively, so that 
generally an increase in the entropy of activation entaj!s a change from 
A1 to A2 mechanism, with the A1 mechanism being more probable 
when AS: > 0. As shown by WhalleyG, however, this hypothesis is by 
XI means exclusive as the A2 step can, in fact, have a positive entropy of 
activation'. 

Xore recent kinetic measurements of the hydrolysis of diethyl ether 
at pressures up to 3000 atm indicate an A2 mechanism8. As a criterion 
for this, use is made of thc change in activation volumes, which 
can be calculated from the measured rate coefficient (equation 6 ) .  

K = ( k T / h )  exp ( d S t / A )  exp ( -  d H : / R T )  

- A V *  

Here d V* = V* - Vinit., i.e. the difierence in partial volumes between 
the transition state (including any solvents if present) and the initial 
state. This question has been examined in detail by 'Whalley7*9. The 
mechanism can bc determined from the volume of activation since the 
anticipated d V *  for the A1 mechanism should be positive or only 
slightly negative, and AV4: for the A2 mechanism is expected to be 
significantly negative. For the above-mentioned scheme the difference 
in the volumes of activation will be the volume difference in the forma- 
tion of the conjugate acid and in the rate-determining step. If the 
negligibly small volume change resulting from the formation of the 
conjugate acid is .disregarded, then, for reaction (3a) the volume of 
the intermediates is found to be larger than that of the reactants with 
the result that d v" is equal to or larger than zero. According to reac- 
tion (4a), an interaction of the van der Waals type takes place in the 
transition state between water and the conjugate acid, and a volume 
contraction results. d V *  is then negative for values ranging from 



24 E. Staude and F. Patat 

- 5 to - 10 ml/mole. Hence the ethers in Table 1 undergo an A2 type 
acid-catalyzed hydrolysis. 

TABLE 1. Volumes of activation d Y" ml/mole at 1 atm. 

Ether 
~~ 

dV* Temp.("c) Ref. 

Diethyl cther -8 -5+2  161.2 8 
Ethylene oxide -5*9+ 1 0 10 
Propylene oxide - 8 - 4 5  1.3 0 10 
Jsobutylene oxide -9.2+ 1.7 0 10 
Epichlorohydrin -8*5+3  25 1 1  
Trimethylene oxide - 5.5 +- 3 25 1 1  

An additional criterion for the A2 mechanism in the acid hydrolysis 
of ethers is that as the acid concentration is increased the reaction rate 
first increases, and after passing through a maximum, decreases. The 
maximum value lies in the range where the acidity function is equal to 
the p K  of the substrate. This change of rates can be explained by the 
fact that watcr, wkiich takes part in the rate-determining step, becomes 
less available at the higher acid concentrations. In  vcry strongly acidic 
media a shift to the A1 mechanism will take place, so that there is no 
decrease in the reaction rate, as shown in the investigation of the 
hydrolysis of diethyl ether in the presence of concentrated sulfuric 
acid12 (see Table 9). 

IGnetic data concerning alkyl aryl ethers have been obtained by 
BunnettI3s1*. The hydrolysis has been carried out with HC1 and 
HC10,. Plotting the rate coefficients against the acid concentration in- 
deed shows a mzximum, a fact which may be interpreted as an indica- 
tion of an A2 reaction. Bunnett pointed out a further criterion which is 
indicative of an A2 reaction 15. The classification, made possible by his 
w and w* values is, in fact, more reliable than the one that the Zucker- 
Hammett hypothesis suggests 16. This hypothesis postulates that water 
is needed for the reaction of the protonated substrate (SH+) ; hence the 
reaction is bimolecular, if a linear relationship will result from the 
plotting of log k ,  against log [HX], k ,  being the rate coefficient 
of pseudo-first order. The reaction is unimolecular, however, when a 
linear relationship is found between log k ,  and the acidity function 

Recently, however, some doubt has arisen regarding this sort of 
classification8* 17. According to Bunnett, the values of log k, - log 

H, = -log h,. 
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jAo/(ho -i- K S H : ) :  Z:C Flatted agzinst !og aHIO and w is calculated 
frcim the slope of the line. Similarly, the plot of log k ,  - log [(HX)/ 
(ho +- -?Csa+)] agzinst logs,,, should yield the w* parametcr. Con- 
sidering the results obtained up to now, this method seems to be valid 
in concentrations ransing from 1-0 to 9.3 mole of acid. I t  can be con- 
cluded from the positive values of ui that the ethers listed in Table 2 
react through an A2 mechanism. Lower w values of about + 2 indicate 
nucleophilic attack hy water, followed by formation of the transition 
state. Higher values suggest that water acts as a protonating agent. 

TABLE 2. w-Values according to Bunmtt 16. 

Ether Acid Temp.("c) w Ref. 

Diethyl ether HC104 120.1 +2.72 8 
4-(p-Sulfophenylazo)- 1 -naphthyl methyl 

ether HClO4 46.0 +8*2 13 
4-( b-SuKophenylazo)- 1 -plien yl me thy1 

ether HC10.; 95.1 f4.9 13 
l-Methoxy-3,5-dihydroxybenzene HCIOl 50 +2-0  18 

According to Parker19, the results obtained from the chloride ion 
catalyzed hydrolysis of propylene oxide. under acidic and neutral con- 
ditions do not clearly indicate a definite A2 mechanism. A bimolecular 
reaction route is assumed, which may be considered a 'borderline' 
case of the SN2 mechanism. The same kinetics were found for both thc 
normal and abnormal reactions, the overall reaction following a 
second-order rate equation (7), where m = 1. 

kl [ether] = k,.k[H,O+]n[ether]m d[ether] 
dt 

- -- = (7) 

Compared with those instances of' acidic ether hydrolysis which 
may now be considered fully understood, the number <if cases which 
appear cioubtfuI from the kinetic point of view is still relatively 
large, e.g. as yet no valid information on secondary aliphatic ethers 
has been obtained 20. 

5. .Methods of Ether Cleavage 
1. Acyclic ethers 

Cleavage of alkoxy compounds has been achieved for the first time 
by Butlerow21, who used aqucous hydrogen iodide in order to split 
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a-ethoxypropionic acid. In  later years hydrogen iodide proved to be 
an excellent cleaving reagent (cf. determination of methoxy groups by 
the Zeisel method 22). Constant-boiling hydrobromic acid is considered 
preferable to hydrogen iodide for the cleavage of t-butyl aryl ethers, 
aa less than 2% of the butyl bromide formed is found to decompose to 
butene and hydrogen biomide23. The extent of cleavage found for 
t-butyl phenyl ether, t-butyl naphthyl ether and t-butyl p-tolyl ether, 
after three hours of reaction is 96.2%, 97.5% and 95-6%, respectively. 
Decomposition of t-butyl aryl ethers, resulting in formation of the 
respective hydrosy aromatic compounds, is observed at high tempera- 
tures under the influence of catalytic amounts of $-toluenesulfonic 
acid 24. t-Butyl phenyl ethers are easily dealkylateG by p-toluencsulfonic 
acid, but in contrast to the cases in which other cleavage reagents, 
e.g. AlCl,, are used no alkylation of the aromatic nucleus is observed25. 

The cleavage of alkyl ethers has been extensively investigated by 
Lippert26. According to his results the reaction is as shown in equa- 
tion (8) where the more bulky alkyl group gives the alcohol; i.e. the 

(8) 

C-0 bond is broken between the oxygen and the smaller alkyl group. 
However, bond cleavage is often observed between oxygen and tertiary 
alkyl groups, owing to the higher reactivity of the latter. Likewise the 
reaction of benzyl ethers with hydrogen haiides leads to cleavage27. 
Besides being used in the form of constant-boiling aqueous acids20, 
hydrogen halides can also be employed in organic solvents such as 
alcohols or organic acids. 

Other inorganic acids are capable of splitting the ether linkage. 
Thus, 2-bromo-4-nitrophenetole is hydrolyzed to the corresponding 
phenol. at  100" by 80% sulfuric acid28. Often only catalytic amounts of 
sulfuric acid are necessary, as in the case of aryl benzyl ethers in acetic 
anhydride29. Sulfurrc acid in various concentretions, from dilute to 
strong solutions, will effect the hydrolysis of diethyl ether under normal 
conditions12, or under pressure8. HC1 and HClO, may also be used 
for the hydrolysis under pressure. The chlorine-catalyzed demethyla- 
tion of aryl methyl ethers is regardcci by the authors as an acid- 
catalyzed cleavage, in which the usual role of the proton is taken over 
by the chlorine molecule in aqueous solution (reaction 9) 30. 

Similar solvolyses have been discovered by Ingold and coworkers, 
e.g. in the nitration of aryl methyl ethers in acetic acid31. Aryl vinyl 
ethers are decomposed to the corresponding aldehydes by 70% ethereal 
perchloric acid s2. 

R*-O-R2 + HX _j R'OH + R'X 
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ClO 

+ I-IOCI (9) 

OH 

Alkyl transfer is observed when ethers react in the presence of boron 
hydride and mercaptans 33. A four-centered transition state is presum- 
ably established, in which the previously formed ethcr and the mer- 
captoborane take part (reaction 10). 

H ....... BH 

R2 ....OR 3 
RISBHa + R20R3 - : : + R1SR3 + BHzOR3 (10) 

The mechanism suggested by Gerrard 34, involving a carbonium ion, 
does fiat seem applicable in this case. 

2. Cyclic ethers 

HCl and HBr (reaction 11) 35. 
Oxiranes, such as propylene oxide, react in aqueous solutions of 

(11) 

Ncrmally, the least-substituted carbon atom is attacked with the 
subsequent Formation ofa primaw halide (1). Changes in the reaction 
conditions will, however, effect an'increase in the yield ofthe abnormal 
product (2). Thus, the yield of the secondary halohydrin is only 11% 
when the reaction is carricd out in ethereal HC1 at  -55", but it 
increases to 44% in aqueous HCl at 83". However, the yield of the 
abnormal reaction product is not solely determined by the reaction con- 
ditions. Other factors, such as steric effects and the ability of electron- 
donating groups to stabilize a positive charge on the adjacent carbon 

/O\ HX 
RCH-CH2 + RCH(0H)CHZX + RCHXCHZOH 

(1) (2) 
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atom may also effect the result. This occurs according to the two 
possible transition states 3 and 4, where N is the nucleophilic agent. 

H H 
6 + /  

/ ..... 6 +  6 + ....* \ 

N N 
(3) (4) 

Ring-opening by acetic acid yields a mixture of both products36. 
O n  the other hand, use of phenol results in formation of the normal 
product. H2S04 in ally1 alcohol is employed for the ring opening of 
styrene oxide. In this case the secondary carbon atom is attacked3'. 
Splitting of the primary G-0 bond been obsnrved when 
phosgene3* or acetic acid was used as the reagent39. In the reaction 
of 2,3-epoxy-2,3-dimethylbutane 39 with organic acids the abnormal 
product is also formed. However, it has been noted by C ~ h e n ~ ~  that 
the normal ring opening is :he dominant reaction, resulting in the 
Irorrxation of 5, the latter being slowly transformed into the abnormal 
product (6) under the reaction conditions (reaction 12). 

0 
6 + /  
0 

RCti-CH2 or RCH-CH, 

H+  

/O\ 
PhCH-CHZ + 

-HO CH3 --> PhCH(OH)CH,OCOCH, (6) 

(12) 
'c' 

OCOCH3 
I 

PhCHCHzOH (6) 
I 

FhCH-CH2 

This rearrangement includes an oxygen to oxygen acyl transfer as 
has been shown for epoxy ethers40. Much research on the cleavage of 
epoxy compounds has been carried out by Stevens4'. The nature of the 
ring-opening process under the influence of various orgailic acids 
proved to be highly specific, and retention of the configuration of the 
carbon atom adjacent to the ether group was observed. Displacement 
of an acyl group followed the fission of the cyclic ethereal bond42. Con- 
trary to these results, racemization occurred after ring opening of 
epoxy compounds when aqueous HC1 or acetic acid was 

Oxetanes are cleaved by nucleophilic reagents not, however, 
quite as easily as oxiranes. Chloro- or bromopropanol is obtained 
from trimethylene oxide and aqueous HC1 or HBr44 and an A2 me- 
chanism is assumed. On the other hand, an A1 mechanism was de- 
duced for the cleavage of trimethylene oxide by Long and coworkers 45 

from the value of the entropy of activation which was found to be 
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AS = - 3.9 caI/deg mole. 2-Methyloxethane reacts with HCI to yield 
94% of the primary and 6% of the secondary halide, but in the case of 
2-phenyloxethane cleavage of the 1,2-bond results in formation of 3- 
chloro-3-phenyl- 1-propanol 44. Ring enlargement is observed in the 
case of 2-oxaspiro[3.4]hexane which yields cyclobutane in dilute 
hydrochloric acid at  0". Thc ring system seems to enhance the migra- 
tion aptitude of a carbon atom with its electron pair in the carbonium 
ion transition state ( rczdoa  'I 3) 46. 

c-c c-c 
I I  a- I I 

C-C+ OH ---+ C-C-CH2 ( 1 3 )  
I 

CI 
I /  
CH2 

Dry hydrogen bromide in benzene does not bring about ring en- 
largement, the only consequence of the reaction being simple bond 
fission. Obviously, solvation of the ions by benzene is too slight 
(reaction 14). 

C C C CH,OH 
/ 

---+ BrCH2CH2CH-CH20H (14) 
I 

C C CH2Br CH,Br 

1,2-Ring opening takes place easily when the osetanes are sub- 
stituted at C,,,. In these cases the normal reaction is observed; e.g. a 
primary halide is formed when HC1 reacts with 3,3-diethylo~etane~~. 

Five-membered cyclic ethers undergo ring opening under acidic 
conditions. Tetrahydrofuran should therefore yield thc corresponding 
1,4-derivative48. According to recent results, the dihalide can be ob- 
tained by reaction with thionyl chloride in the presence of ZnCI,, 
whereas the reaction of tetrahydrofuran with HC1 at room tempera- 
ture results mainly in the formation of 4-chloro-l-b~tanol~~. 2- 
Phenyltetrahydrofuran is split in acetic acid-acetic anhydride solution. 
in the presence of catalytic amounts of HC10,50. 

Like 1 ,Z-oxiranes, 1,4-oxiranes react with dilute acids. 1,4-Epoxy- 
1,4-dihydronaphthalene isomerizes quantitatively into 1 -naphthol 
(reactior, 15) 51. The 4-methyl-substituted compound reacts in exactly 
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OH 

the same manner52. Yet, when both the 1- and 4-positions are methvl- 
ated, 2-naphthols are formed by isomerization (reaction 16) 53. 

Me Me Me 

@ @+ -g$ @JOH \ 

- 
Me Me OH Me OH 

Me 
I 

Me 

C. F u r h r  lnvestigations of Mechanisms 

Criteria concerning the reaction mechanisms, and derivations from 
kinetic data, have been summarized in section 1I.A. A more detailed 
account of studies, leading to the present state of knowledge of acid 
hydrolysis through kinetic and analytical data, is given in this section. 

1. Acyclic ethers 
Even in concentrated acids: the cieavage rate of acyclic ethers is very 

small2. The half-life value for diethyl ether in the reaction \;it11 1 mole 
of#-toluenesulfonic acid at 25" is 903,000 years; this was calculated by 
Skraba14* 54. 

Successful rate measurements of the reaction of ethers with hydrogen 
bromide in acetic acid2' were carried out by Hughes and l n g 0 1 d ~ ~  
who found that when an ether contains two primary groups, the 
splitting will proceed via the A2 mechanism, while the presence of a 
secondary or a tertiary group will cause a shift to the A1 route. 

Further information is available through Bunvell's work 56. Cleavage 
of optically active s-butyl methyl ethers with HBr at 50" results in 
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formation of methyl bromide and s-butyl alcohol with retained con- 
figuration. Consequently, the splitting of the methyl-oxygen bond 
seems to occur either through a dialkyl hydronjum ion or via forma- 
tion of a noiiionized complex, i.e. by an SN2 mechanism. 

Naturally the splitting of unsymmetrical ethers is of competitive 
character as shown in reaction (17). Besides the conjugate acid 
R1R20H+, the negative ion BrHBr- is formed. The rates of these 
competitive reactions, relative to the value obtained for the ethyl 
group, are given in Table 320. 

R 1 0 R 2  f HBr ---+ (R2Br, R'Br) + (R lOH,  RZOH) (17) 

No accurate kinetic results are available regarding these cases. I t  is 
assumed by the authors that 10% of :he reaction is completed after 
5 to 6 minutes with n-butyl methyl ether, as opposed to 110 minutes 
needed to affect isobutyl n-butyl ether to the same extent. The first 
five ethers listed react via an A2 mechanism; the following three 
cleave via the A1 reaction. No mechanistic conclusions can yet be de- 
rived regarding secondary ethers, although the authors presume that 
to a considerable extent an A1 mechanism is involved. 

TABLE 3. Relative rates of cleavage of aliphatic ethers with 
anhydrous HBr at 26", according to.BurwellZ0. 

Relative rates 
Ether of cleavage 

Butyl ethyl ether 
Butyl propyl ether 
Butyl methyl ether 
Isobutyl propyl ether 
Isobutyl butyl ether 
Isopropyl propyl ether 
Cyclopentyl propyl ether 
3-Pentyl propyl ether 

1.0 
1.0 

1 1 . 1  
0.053 
0.93 
0.87 
3.8 
4.2 

The rate equation (18) is valid for the cleavage of diethyl ether by 
HBr in chlorobenzene, toluene and chloroform 57. The reaction is 

-- r(C2H5)201 = k[HBr]2[(C2H,),0] 
dt 

accelerzted when alcohol is added, the expression being altered to give 

- [(C2H5) ,01 = k' [HBr] [ ( C2H5) 20] [C,H,OH] (19) dt 
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equation (19). 
chloroform (equation 20). 

Quite a difTerent interdependence is obtained in 

The same reaction orders for the various reactants have been found 
for the reaction of benzyl phenyl ether with HBr in n i t r ~ b e n z e n e ~ ~ .  
The initial reactioa rates have been measured up to 10% reaction, 
and a rate coefficient has been obtained of k, = 0.058 (12/mole2 min) 
at 25". I t  has been suggested that formation of a complex (7) takes 
place as a first step in the cleavage reaction, with the subsequent 
rate-determining step being an SN2 attack by a further HBr 
molecule at  the methylene carbon (reaction 2 1). Hoffmeister's 

HBr 
PhCHzOPh + H B r  PhCH, . H B r  _I, PhCH,Br + P h O H  + HBr (21) 

\o.... 
/ 

Ph 
(7)  

results do, in fact, ai-!~pc~: this mechanism59. He found that diphenyl 
ether is stable to bydrogen bromide. In contrast to the results in 
chlorofGrm quoted above the mechanism for the benzyl ether cleavage 
becomes more coniplicated and the rate diminishes. Whereas for the 
initial rates no change of order is observed, in the case of the acid a 
complex interrelationship has been found, namely, that an increase in 
concentration brings about an increase in order. Substituted am- 
monium bromide catalysts do not affect the kinetics. A stable R,NHBr-- 
HBr complex seems to be present, which may inffuence both the 
attacking and departing ions. The rate equation is shown by 
equation (22), where [HBr] is the concentration of hydrcgen bromide 

- [HBrl = k f  [HBrI2 [ether] 
dt 

not bound in the complex. Overall second-order kinetics are observed 
in the gas-phase reaction of t-butyl methyl ether with HBr at tem- 
peratures ranging from 255-37 1 O. The rate coefficient is proportional 
to the pressure 60. 

According to Bunvell, the first step in the cleavage reactions in- 
volves the formation of an oxonium ion which subsequently dissociates 
into a carbonium ion and arz alcohol or phenol molecule56. Thereby 
racemization, and to a small extent inversion, are observed alongside 
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the C-0 bond splitting. The second step may also he a bimolecular 
nucleophilic substitution with inversim by 2 2  dccrhol or phenol. This 
obviously includes inversion as well. 'This suggested SN2 mechanism 
cannot be considered altogether vaEd based on the recent work on the 
hydrolysis of optically active ethers with hydrochloric acid. Consider- 
ing his experiments with a-phenylethyl aryl ethers Burwell suggested a 
somewhat different mechanism which yields phenylethyl chloride. The 
latter v.<ll retain its configuration of at least 38% optical purity (re- 
action 23) 61. Reactions have been carried out in the neat substance as 

wel! as in solutions of benzene, acetone and dibutyl ether. Further ex- 
periments have shGwz thz: cleavage GC optically active a-phenylethyl 
phenyl eihers with hydrogen zhloride at 40" results in 85-800/, reten- 
.sonj2. An s N 2  ion-pair mechanism is assumed; the author designates 
it as an SNi mechanism. This contradicts the mechanism proposed for 
the hydrclysis of benzyl ethers58, which demands inversion of the 
aliphatic carbon atom of the benzyl group; in the phenylethyl system 
inversion is not observed. Both are first-order reactions. The influence 
of solvents is shown in Table 4, which gives the increase in the rate co- 
efficiect k, with ascending values of dielectric constants of the solvents. 

TABLE 4. Rate coefEcients k2 obtained for the cleavage of 
a-phenylethyl phenyl ether with HC1 at 40" in solvents having 

various dielectric constants. 

Solvent 1 05kz 
(l/mole sec) 

Dielectric constant 

Toluene 1-33 k 0.05 2.379 (25") 
3-Pentanone 2-41 0.03 17.0 (20") 
2-Methylpropanol 3-23 +. 0.12 15.8 (25") 

The results described above are further supported by the fact that 
cis- and t~ans-oxiranes~~ undergo acid cleavage with retention of con- 
figurzilion. cis- and tram-stiibem oxides yield the expected threo- and 

2 + C.E.L. 
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erythro-chlordydrin, presumably through an oxonium ion-pair inter- 
mediate (reaction 24). 

CI- H+ 
t i  0 H H O H  

\ /  \ /  

d 
__f c-c __j 

\ / \/ C- 

\f'h \Ph f'h 
Q 

PI1 

CI- H 

H a + ? ' '  H H CI OH H 

- ----+ 'd - L' (24) \=..a. \/ 

$h 
I \ I 

?< -Ph P h Q  

Most alkyl aryl ethers resist acid-catalyzed hydrolysis. Azophenyl 
ethers are split by dilute or moderately concentrated acids. A pro- 
tonated azo group seems tc rr.ake a nucleophilic aromatic substitution 
of the ether possible13m1*. This reaction was discovered as early as 
1892 64. Unlike the normal ether cleavages, this reaction proceeds 
swiftly in dilute or moderately concentrated acids, and does not need 
the use of strongly nucleophilic anions like bromide and iodide. 
4-(p-Sulfophenylazo)- 1-naphthyl methyl e t k i  and 4-(sulfophenylazo)- 
anisole were split in hydrochloric acid anc! perchloric acid, respectively. 
The rezctions were found to be of first order in the ethers. Table 5 
shows the pseudo first-order rate coefficients. 

TABLE 5. Dependence of the rate coefficients kl of the hydrolysis of naphthyl 
ether at 4150" and phenyl ether at 95.1" on the acid concentration. 

Naphthyl ether Phenyl ether 

HC104 (mole/l) 10?kl (I/sec) HC104 (molc/l) 1 04k,(l/sec) 

0.13 
2-14 
4-10 

0.166 1.0 
1.421 3.85 
0.357 5.95 

1.38 
4.1 
1.00 

HC1 (molc/l) HC1 (mole/l) 

1 -02 1 a08 1-01 1 -43 
2.54 2.15 5-08 12.6 
8-12 0.142 9-30 2-23 



2. Cleavage of the C--21-C Bond 35 

Bunnett's parameters 65 for the azonaphthyl methyl ether are 
w = + 8.2, w* = +0.9 in HCIO, and w = -t 4.5, w* = - 0.9 in HCI. 
The intermediate (8) formed by the attack of water on an aromatic 
carbon subsequently yields the naphthol. 

(8 )  

The values for azophenyl methyl ether are w = + 4.9, w* = - 0.93 
in HCIO, and w = +- 2.8, w:C = - 2.2 in HCI. In  order to account for 
these low values an SN2 mechanism was suggested, which involves a 
nucleophilic attack on the alkyl carbon atom (9) .  

O...*CH3.*.*OH2 + o  Ar-N=N 

H 
I 

( 9 )  

I n  this case bend fission should take place between the alkyl group 
and the oxyger?. atom14, but evidence for the previously proposed 
mechanism is provided by hydrolysis studies in H,180. The azo- 
naphthol formed is indeed the carrier of the l80 atoms, proving that 
splitting of the aryl-oxygen bond occurs13. Obviously, the same should 
hold true for phenyl ether. 

Results dealing with cleavage of alkoxy ethers of heteroaromatic 
compounds indicate a prevailing attack on the aromatic carbon atom. 
Nucleophilic attack on the aliphatic carbon atom dso occurs to a 
minor extent. a- or y-Alkoxypyrimidines are more susceptible to acid 
hydrolysis than the corresponding carbocyclic compounds, owing to 
easier mcleophilic displacement on the former than on the latter65. 
As in the case of azoaryl ethers two reaction routes are possible, 
namely, either a nuclecphilic attack on tlic a- or y-position followed by 
the elimination of the available functional group, or the heterolytic 
fission of the alkyl-oxygen bond. In order to decide between the 
alternatives 2-metho~y-'~O-pyriniidine was chosen as the starting 
material. If the hydrolysis occurs through a nucleophilic attack on the 
aromatic ring CH,180H should be prodiiced. Hydrolysis with sulfuric 
acid at 105", or with hydrochloric acid at IOO", gave yields of about 
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75% after 4 hours. The methanol produced indeed contained 91.8% 
of the 1 8 0 .  Yet the remaining 8.2% of the l80 present in the other 
reaction product clearly indicates that the alternative reaction route 
does also operate". The high polarizability of the CLO bond of the 
methoxy group in the pyrimidinium ether miikcs the compound 
accessible to a nucleophilic attack (reaction 25). 

The rate of hydrolysis of 3,5-dihydroxy- 1-methoxybenzene and of 
lY3,5-trimethoxybenzene exhibits a pronounced dependence on the 
acidity. The reaction is strongly accelerated when the acidity is in- 
creased. Presumably l8 monoprotonation takes place at lower acid 
concentrations, while diprotonation appears at higher acidities. This 
interdependence of rate and acidity is shown in Table 6 which, how- 
ever, does not give all measurements. 

TAELE 6. Dependence on acid concentration of the rate cocfficients kl for 
3,5-dihydroxy-l-methoxybenzene and for 1,3,5-trirnrthoxybenzene. 

~ ~~ ~ ~~ 

3,5-Dihydroxy- I-methoxy- 1,3,5-Trimethoxybenzene 
benzene 

- 50" 60" 90" 

y0HCI04 1 0 4 ~ ~  %HCI04 10% yoHCI04 1 04k1 
(l/sec) (I/=)  (l/sec) 

~~~ 

50 1.88 52.4 1.20 44-7 1.20 
58 8-9 I 57.9 8.10 50.2 9.53 
63.5 24.9 61.2 30.4 54.2 36.0 
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The U-value obtained for the 1-methoxy ether is +2-0. This value 
lies in the range assumed for reactions where water may act as a 
nucleophile in the rate-determining step, but it is lower than those 
found by Bunnett. No accurate results are mailable for the 1,3,5- 
trimethoxy ether. As pointed out by the authors, the values in this 
case generally tend to be positive. Tracer studies using l8O have 
shown that the aryl-oxygen bcnd is cieaved. From the results of Long 
and Paul5 and the substantially negative value obtained for the en- 
tropy of activation, AS* (25") = -15.2 cal/deg mole, it has been 
suggested that the reaction is of the A2 type, although the two-proton 
step will mezn a certain restriction on the reaction in this case. 

As previously shown for the hydrolysis of diethyl ether, negative 
values of volumes of activation suggest an A2 mechaniim. The 
measurements were carried out at pressures up to 3000 atm and at 
temperatures from 120-160". Table 7 represents the dependence of the 
second-order rate coefficients on pressure at 161.2" in a 0.099 M solu 
tion of perchloric acid. 

TABLE 7. Dependence on 
pressure of the rate 

coefficients kp. 

iJ(a:m) 10Gkz (l/mole sec) 

50 8-1 
400 7.9 

1000 10.2 
2000 11-2 
3000 13.2 

Temperature also affects the reaction rate. At 50 atm and a con- 
centration of 0.19 M the second-order rate coefficient chanFes from 
1.46 x loA6 to 75 x l/mole sec when the temperature mcreases 
from 119 to 161.2". The experimental error is of the order of 10%. The 
entropy of activation is - 9.0 f 2-5 cal/deg mole, and the volume of 
activation is -8-5 & 2 ml/mole at 161.2" and 1 atm. 

The overall rate of the solvolysis of alkyl ethers in concentrated 
sulfuric acid is proportional to the sulfur trioxide concentration. I t  has 
bcen proposed by Jaques and Leisten6': that the reaction consists of a 
two-stage mechanism. First a preequilibrium is established in which a 
complex is formed between the sulfur trioxide and the conjugate acid 
of the ether (reaction 26). This is then followed by heterolysis into a 

R'R20H++S0 ,  [R'R2S0,H]+ (26) 
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carbonium ion and alkyl hydrogen sulfate. Constitutional factors in- 
fluence this stage (reaction 27). The carbonium ion reacts rapidly with 

R ~ - ~ - R z  + R'+ + R ~ H S O ~  (27) 

another hydrogen sulfate ion. The solvolysis in 99.6% sulfuric acid fits 
the cvera!! equzfion (28). I t  has beer? pssible to follow the reaction by 

RIRZO + 3 H,SO, + RIHSO., -!- R2HS0, + H30+ + HS04- (28) 

measuring the change of the freezing-point depression; the firs t-order 
rate coefficients obtained are shown in Table 8. 

I 
S03H 

TABLE 8. Rate coefficicnts kl in 99.6% sulfuric acid. 

Ether (I/min) Temp. ("c) 
~ 

Dimethyl ether 
Ethyl methyl ether 
2-Chloromethyl methyl ether 
Diethyl ether 
2,3'-Dichlorodicthyl ether 
Ethyl 2-ethylsulfonyl ether 
n-Dibutyl ether 
Diisopropyl ether 
n-Butyl methyl ether 

3-41 
13-8 
3.4 
6.93 
4.96 

24.2 
6-0 
40.0 
16.0 

90 
55 
65 
55 
65 
55 
25 
25 
25 

A comparison of constitutional influences shows that dimethyl ether 
reaches at 90" a rate similar to that of n-butyl methyl ether at 25". It 
can also be seen from Table 8 that the stability of the carbonium ion 
diminishes in the order : isopropyl, n-butyl, ethyl, 2-chloroethyl, 
2-ethylsulphenyl and methyl. In the mixcd ethers mentioned in 
Table 8 it is always the first group which appears as a carbonium 
ion in the reaction. 

Alkyl aryl ethers split by a simple A1 mechmkm, where heterolysis 
of the conjugate acid occurs. The observed orders are very similar to 
those found in alkyl ether cleavage. Under the same reaction condi- 
tiom used for the alkyl ethers, the rate coefficients for 2,4-dinitroanisole 
and Z74-dinitrophenetole were found to be k, = 32.1 x 10-31/min 
a t  85" and k1 = 38-7 x l/min zt 25-6", respectively. I t  can be 
concluded that bond fission thkes place between the oxygen and the 
alkyl group. However, the values of the freezing-point depression 
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support a simple mechanism with formation of phenol, and not of 
phenyl hydrogen sulfate (reaction 29). 

R-0-Ar + H,SO., + RHSO., + ArOH (29) 

The rate coefficients far the hydrolysis of diethyl ether are shcwn 
in Table 9. The maximum should lie at the point where the pK value 
for the oxonium ion is - 3.5. This is not the case, and therefore a shift 
from A2 to zii A :  mechaniszi has beer; assumccl at high acid coil- 
centrations12. Additional data8 support this shift of mechanism: in 
the hydrolysis of diethyl ether the rate coefficients ( 103k, (l/min)) are 
found to increase from 0.92 in H2S04 containing no SO3, to 250 in 
H,S04 containing 1.24% SO,, whereas only an increase from 3- i  1 to 
5.03 is observed in 60-6 and 72.2% perchloric acid, respectively. By 
plotting Bunnett's constants in the range of 61 to 90% sulfuric acid, 
the authors assumed that the terminal slopes point to an A2 mechac- 
is=, but this is not conclusive evidence for the case discussed. 

TABLE 9. Dependence of the rate co- 
efficients kl of the hydrolysis of 

(C2HS)20 on the acid concentration. 

61 
71.4 
75.4 
80.2 
84.4 
90.0 
95.3 
98.4 
98.4 
98.4 
99.9 

100.0 

0.43 
1.97 
3.06 
4.84 
5.53 
5.7 1 
13.1 
68.6 
9.30 
1.01 
26.3 
57.8 

94.7 
94.7 
94.7 
94.7 
94.7 
94.7 
94.7 
94.7 

' 74.8 
54.8 
54.8 
54.8 

A unimolecular S,l cleavage is presumed in the reaction of para- 
substituted t-butyl pheny! ethers with HCl at TO" and HBr at 19" in 
phenol-dioxane solutions 68. The reaction is first order in both the 
ether and the hydrogen halide. The coefficient k, reaches higher values 
when the phenol content increases. 
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For the hydrolysis of vinyl cthers in acidic soluGons a rate-determin- 
ing step consisting of carbonium ion formation is suggested (reac- 
tion 30). Use of H,'W has proved69 that in the acid hydrolysis of 
CH--OR CH-OP. H 

11 / + 
z !H, + H,O+ CH2....H--..0 __f CH,CHOR - 

H,O $- CH3CH0 + ROH + H,O+ (30) 

alkyl vinyl ethers the alkyl-oxygen bond is not severed. Dilute sulfuric 
acid was used for the splitting of ethyl, isopropyl and butyl vinyl 
ethers; the alcohol formed contained no l 8 0 .  A possible intermediate 
is the hemiacetal (10). The rate coefficients for the acid hydrolysis of 

I 
OH 

(10) 

vinyl ethers with HC10, in dioxane-water solution are given in 

'H 

RC H2C H 0 R 

Table 1070. 

The high r 

TABLE 10. Rate coefficient k2 for vinyl 
ethers (CH,=CHOR) at 25". 

R In CH,=CHOR 104k2 (I/mole sec) 

&But$ 
Tsopropyl 
Ethyl 
isobutyl 
n-Butyl 
Tolyl 

3885 
1557 
530 
409 
366 

81 

activity of the vinyl ethers is explained by a m omeric 
effect, which results in the /3-carbon atom of the vinyl group obtaining 
a partial negative charge, enabling easy protonation. An electron- 
donating alkyl group increases this effect. 

Naturally, the hydrolysis rate diminishes under the influence of 
groups which oppose the mesomeric effect. Thus, at 25", k2 (l/mole sec) 
for CH,=C(CH,)OC,H, is found to be 1.031 x compared to 
91 x lo4 for C2H,CH=CHOC,H5. 

The exact picture of the mechanism of vinyl ether hydrolysis seems 
stiil somewhat elusive. 2-Ethoxy- 1 -cyclopentene- 1-carboxylic acid re- 
acted with hydrochloric acid in the pH range from 1.85 to 7-0. The 
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second-order rate coefficients for the hydrolysis of this ether at 30" in 
dioxane-water arc shown in Table 11. 

TABLE 1 1 .  Kate coefficients for 2-ethoxy-I-cyclopentene- 1-carboxylic 
acid at various pH values in H 2 0  and D20 at 30". 

pH < 3, k2 (l/mole min) 13.2 4-57 
pH > 3, k2 (l/molc min) 2762 1140 
Uncatalyzed kl (l/min) 6-33 x 10-3 7-71 x 10-3 

I t  can be seen from these values that at a relatively low pH, where 
the carhoxylic acid may be considered undissociated, the reactifin is 
catalyzed by hydroniurn ions 'l. 

The ratio ofkDa,/kH2, (0-35) is too low to distinguish between an A2 
and an A 1 mechamsm. As a rule in the case of an A2 mechanism, when 
the protonated intermediate is attacked by a water molecule to yield 
the products, the reaction should be accelerated by a factor from 
1-4 to 1-7 when D,O is used instead of H 2 0  (reaction 31). The AS' 

H,O + Q..--o<~ ..... . - 
CH,CH,O Q -  C02H CHsCH20 COOH 

value of - 14-5 cal/deg mole suggests an A2 mechanism. At high pH 
values, the rate-determining step consists either of protonation of the 
anion by a hydronium ion or, alternatively, protonation takes place 
simultaneously with the nucleophilic attack by the anion, as an anion- 
catalyzed reaction according to reaction (32). From the kinetic point 
of view these two possibilities cannot be distinguished. 
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No results are available regarding the substituent effects on the rate 
of hydrolysis of alkyl aryl ethers. The splitting of halogen-substituted 
phenoxyacetic acids with hyc!roiodic zcid shows only a small sub- 
stituent effect (Table 12) 7 2 .  

TABLE 12. Rate coefficients k, for substituted phcnoxy- 
acetic acids. 

Substituent 106k1 at 100" 106k1 at 115" 
(l/sec) (l/scc) 

~ 

Unsubstituted 2.23 
2-Fluoro- 2.23 
4-Fluoro- 2.36 
2,4-Difluoro- 2.42 
2-Chloro- 2.01 
4-Chloro- 1-74 
2,4- Dichloro- 1.61 

10.85 
9-14 

10.87 
10.14 
8.90 
7.6 1 
6.68 

The rates are of the same order as those for the hydrolysis of 
chloro- and bromoanisole with aqueous HC1 at 120" in acetic acid73. 

2. Cyclic ethers 

Based on recent results an A2 mechanism has been suggested for the 
acid-catalyzed cleavage of oxiranes. An account of the different 
opinions on this subject seems appropriate here. As in the case of 
diethyl ether, an equilibrium is established between the oxirane and 
its conjugate acid. The latter is more reactive than the oxirane and 
consequently the reaction occurs by an A1 or an A2 mechanism 
(Scheme 1 ) .  

0 bH 
/ \  / \. 

6 H  
/ \  

RCH-CH2 + H+ RCH-CH2 

--+ R ~ H C H ~ O H  RCH-CH, 

R~HCH,OH + H ~ O  --+ RCH(OH)CH,OH +- H+ A I  

6 H  
/ \  

RCH-CHZ + H20 * RCH(OH)CH,OH + H+ A2 
SCHEME 1 .  
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An A1 mechanism is favored by the results of Long and coworkers7*, 
and by consideration of the Hammett relationship. In  the cleavage of 
ten simple oxiranes with HC104 the first-order rate cceficients when 
plotted against Ho oft'er evidence for an A1 reaction, since the slopes 
obtained have values between 0.86 and 1.06. These results ought to be 
referred to with a certain amount of scepticism as unsymmetrical 
oxiianes seldom yield a single product. Moreover, experimzts with 
substituted oxiranes resulted in inversion, a fact that strongly suggests 
an A2 rnechan i~m~~.  

The method used in the c a e  of acyclic ethers for determination of 
the reaction mechanism through the values of activation entropies en- 
counters difficulties in the present case. The values obtained for the 
hydrolysis of ethylene oxide, propylene oxide and isobutylene oxide are 
AS$ = -6.1, -4-3 and -4 cal/deg mole, respect i~ely~~.  These values 
give no clear evidence for either mechanism, since the values expected 
for A1 and A2 reactions are AS' = 0 to + 10 cal/deg mole and 
AS' = - 15 to -30 cal/deg mole, respectively. Consequently, the re- 
sult was considered to fit a modified A2 step. Thc ratio of KD20/KH20 of 
1-9 to 2.2 favors an A1 mechan i~ rn~~ ,  since acceleration of solvolysis 
in D,O is generally taken as evidence for an A1 mechanism. 

In the hydrolysis of epichlorohydrin with aqueous sulfuric acid a 
change in the unimolecular process is observed on the addition of 
alcohol 17. Consideration of the solvent composition and of the acidity 
gives another criterion for determining the mechanism 77 .  Plotting the 
appropriate parameters yields a linear relationship in the case of an 
A1 mechanism. Since a parabolic curve is obtained for the epichloro- 
hydrin rextion, it is assumed by the authors that an A1 step does not 
fit this case. Either a solvent molecule or an additional nucleophile 
takes part in the ring opering (reaction 33). 

/ \  6 H  ROH [ ] 
RCH2-CHCHZCI + H2C-CHCH2CI ROCHzCH(OH)CHzCI + R +  

ROH (33) 

Further objections concerning the applicability of the Hammett 
equation have been expressed by Whalley 6 -  who examined the 
hydrolysis of oxiranes under pressure lo. As mentioned already78, a 
negative volume of activation is expected for an A2 reaction as a result 
of the simultaneous shortening of the G--0 bond and the decrease in 
distance between the carbon atom and thc solvent molecule in the 
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transition state. Lengthening of the C-0 bond in the A1 transition 
state results in a positive value. The hydroiysis is carried out with 
0-002 to 0.01 M HClO, at 0 to 40' snd at pressures up to 3000 atm. For 
ethylene oxide a value of AS: L- - 7-5 cal/deg mole has been calcul- 
ated for the entropy of activation, which corresponds with Long's 45 

result. The rate coefficients found for the hydrolyses at  0" are 
0-526 x for ethylcne oxide and 2.48 x l/mole sec for prop- 
ylene oxide. From the negative values of the activation volumes it is 
concluded that an A2 mechanism operates (cf. Table 1). 

The hydrolysis of epichlorohydrin and trimethylene oxide with 
HCIO, at 25" and at pressures up to 7000 atm exhibits the charac- 
teristic features of an A2 displacement reaction. The activation 
volumes, calculated from the rate coefficients (first order in ether), are 
d V' = - 5.5 f 3 ml/mole for trimethylene oxide and A V:  = - 8.5 & 
3 ml/mole for epichlorohydrin ll. These results seem plausible con- 
sidering that large cyclic molecules undergo a volume diminution of 
7 to 10 r n l / r n ~ l e ~ ~ .  

Detailed kinetic studies on the product formation in the hydrolysis 
have been carried out with propylene oxidel6. The latter reacts with 
chloride ions in water-dioxane mixtures, in acid and neutral media, to 
yield both isomers, 1 -chloropropanol and 2-chloropropanol. The re- 
sults obtained <are shown in Table 13. 

TABLE 13. pH depcndency of thc ratc coefficients kz at 40". 

1 Osk, 1 o?k, yo Product 

I\iormal Abnormal PH 1 OGk2 jl/rnole sec) (+ole sec) 

7.0 21.4 18.4 3-0 86 14 
4-5 43-7 31.5 12.2 72 20 
3.8 151 97 54 64 36 
3.6 226 145 81 64 36 

From the equaticns (34) and (35), where thc: subscript n stands for 

(34) 

(35) 

k, = k,,, + khll[H+] 

h-, = h-,va + kha[H+] 
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normal, a for abnormal, IV for water, h for acid, the k,v and kh values 
are obtainable. The two possible intermediates 11 and 12 result 

6+ 6 +  
OH OH 
/ ..'-.6 + 6 + .:.. \ 

CHaCH-CH, CH3CH-CH2 

216- C i a +  

(11) (12) 

from a bimolecular reaction between the chloride anion and the pro- 
tonated oxirane. The intermediates for the uncatalyzed reaction are 
13 and 14. 

6 -  
0 

6- 
0 

C16- &L 

(13) (14) 

It is suggested, on the basis of kinetic results, that both the norma! 
and abnormal reactions should be considered as borderline cases of an 
s N 2  mechanism with respect to the rate-determining step. The same 
borderline s N 2  mechanism should also hold true for the uncatalyzed 
reaction, but with an intermediate which is even more different from 
that in an S,l step. Thus it has been concluded that in the inter- 
mediate of the neutral reaction partial bonds exist between C-Cl and 
C-0 shorter than those in the intermediate of the acid-catalyzed 
reaction. 

Substituent effects have been kinetically estimated for the hydrolysis 
of substituted 1,2-oxiranes in acetic acid, using an HBr-pyridine 
complex *O. Half-life values have been calculated from the second- 
order rate coefficients. For epoxysuccinonitrile the value of 65 minutes 
has been found and for epoxysuccinamide 1975. 

Kinetic measurements concerning the polar effects of substituents on 
the ring opening of simple oxiranes are also availablea1. The rate co- 
efficients were determined under neutral conditions and in the pre- 
sence of HCI at 40". Under neutral conditions electron-attracting 
substituents accelerate the normal reaction and slow down the ab- 
normal one. Herice for epichlorohydrin with u = + 1.05, kn is found to 
be 6-3 x l/mole sec. Contrary to this 
the values of k, and k, for propylene oxide with (T = f 0 are 1.84 x 

l/mole sec, respectively. In acid media both 

and k, to be 0.13 x 

and 0.3 x 
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normal and abnormal reactions are slower, hence, both reactions have 
a negative polar reaction coefficient. For both the normal and the ab- 
normal reactions an SJ borderline description seems likely for the 
rate-determining step. The overall reaction may bc classified as a 
borderline A2 case. 

111. BASE-CATALYZED CLEAVAGE 

A. Mechanism 
Kinetic results on the base-catalyzed cleavage of acyclic ethers are 

comparatively rare. In reactions (36) the second step is rate deter- 
mining. The overall rate is given by equation (37). 

HS + B + S -  f BH+ 
S- + R + Products 

For the base-catalyzed splitting of oxirane an anionic mechanism 
was suggested by Ingolda2. This is strongly supported by the observed 
first-order dependcnce on the catalyst concentration. In  measurements 
carried out by Parkera3 on the reaction of benzylamine and styrene 
oxide in alcohol bimolecular cleavage was also postulated. The same 
conclusion was made by Whalleya4 who found a negative volume of 
activation ( A  V :  = - 7.0 ml/mole) for the reaction of ethylene oxide at  
60°, as expected for a bimolecular reaction. The ionic ring opening can 
be written as in reaction (38). 

CH2 CHZOH CHzOH 

+ OH- (38) 
CH, 1) CH,O- = \  CHzOH 

The studics of Patat and coworkers 85 indicate that the ring opening 
is a multicentered reaction. Investigation of the addition of ethylene 
oxide and propylene oxide to phenols, in the presence of alkali pheno- 
lates or amines as catalysts, has shown that the reaction passes through 
a transition state in which all. the reactants take part. Measurements 
of dielectiic constants, infrared absorption spectra, vapor-pressure 
and conductivity on the oxirane-phenol-catalyst system have been 
carried out, and the results support the suggestion previously based 
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on kinetic studies that the reaction may be formulated 
(39). 

CeH60H 

H 0 '.A 
C- C 
\ /  \ /  

\H / 
H 

C,H,ONa 

k - . .  . .  . .  
C6H,-0 0-C6H6 . .  

"Nd' 

-+ 
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as in reaction 

-+ Products (39) . .  . .  . .  . .  . 
C6H50' 0.'" C 6 6  H 

Na 
. .  . .  . .  

According to PatatE6, the first step of the addition of ethylene oxide 
to phenol demonstrates a general rule concerning ethylene oxide con- 
densations. According to this, the classification of the additions into 
anionic and cationic reactions is a purely formal one, and both can be 
explained by the formation of a basically identical complex. This 
opinion is also presented in the studies of IshiiE7. An example of a 
nonionic ring opening is the addition of ethylene oxide to Lewis 
acids E9. 

B. Methods of Cleavage 
1. Acyclic ethers 

Alkyl ethers are stable to alkaline hydrolysis. Alkyl phenyl ethers 
react with potassium hydroxide in ethanol. Nevertheless, the cleavage 
demands quite drastic conditions. Anisole gives a 15% yield of phenol at 
180-200" in excess KOHgO after 15 hours, while a 20% KOH solution 
in ethanol gives 7% cleavage after 7 hourss1. The tendency of alkyl 
aryl ethers to react under alkaline conditions increases under the in- 
fluence of electron-attracting substituents on the aromatic ring, such as 
chloro, bromo and nitro groups2* 92-93. Similarly, the splitting of alkyl 
aryl ethers is also made easier by the effect of substituents on the alkyl 
part of the molecule. After heating glycidyl guaiacyl ether for 2 hours 
at 170" with 2 N NaCH, an 807; yield of guaiacol is obtained, the 
cleavage product being pracucally stable in the reaction conditions 94. 

In the case of the cleavage of 8-hydroxyalkyl aryl ethers the formation 
of an intermediate oxirane compound is postulated. The cleavage, in 
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2 N KOH, of diphenyl ethers in which one aromatic nucleus carries 
three adjacent hydroxy groups is especially easy. The suggested 
mechanism is a /3-eliminationg5. In  liquid ammonia 2- and 4-nitro- 
phenyl benzyl ether were cleaved by sodium hydroxide with subse- 
quent formation of benzyl alcohol 96. Unsubstituted ethers are also 
indi.fferent to amines. Nitro groups increast: the cleavage of alkyl aryl 
ethers in aqueous ammonia 97. Kinetic data are available concerning 
the cleavage of methyi picryl ether by dimethylaniline at room temper- 
atureg8. Here the aryl-oxygen bond is split. 

There are, as yet, few works which deal. with the reaction between 
ethers and amide ions. Phenyl ethers are cleaved by sodamide in boil- 
ing pyridine to yield the corresponding phenols 99. During studies on 
the stereochemistry of electrophilic substitution benzyl ethers have 
been treated with potassium N-methylanilide in methylaniline solu- 
tionlOO. It has been found that 2-benzyloxy-2-phenylbutane yielded 
2-phenylbutane. This reaction occurred with retention of configuration 
and with a stereospecifity of at least 26%. 

In  general the base-catalyzed cleavage of benzyl ethers can occur in 
two directions, the first corresponding to reaction (40). This mechan- 

CH3 

C,Hs P bCH,C6H, + H-B d 
/ P  

/ \  
C6H5 B- 

H 
CZHS I- C'H + O=C-C6H5 + HB + B- 

C,H3 

(40) 
/ 

CSHG 

ism may also be applied to the cleavage of alkyl henzyl and benzyl 
phenyl ethers with potassium a-mide in ethanol (reaction 41) Io1. The 
formation of the carbinols results from a 1,2-shift (a). /3-Elimination 

KNHz 
W45CHJ20 - > 

CH2C6H5 

- K +  a c> C,H5CHO-K+ 
( a )  I 

C,H,CHOCH C H (41) 
-> C,H5CHO + CsH5CH2- K +  

(b) 

further explains the formation of toluene and benzaldehyde (b). The 
same mechanism explains the formation of benzaldehyde, toluene, 
desoxybenzoin, bcnzyl alcohol and benzoic acid; all of these are formed 
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from dibenzyl ether with potassium t-butoxide which acts as a strong 
base on the intermediate carbinol lo2. 

On the other hand, reductive cleavage similar to the Birch reduc- 
tionlo3 may also occur. This consists of several steps, the first being the 

the unsaturated system (rc- addition of one or more metal atoms to 
action 42). 

This reaction is dependent both on the metal and on the solvent. 
While inversion occurs during the reaction of 2-methoxy-2-phenyl- 
butane loo with potassium in t-butyl alcohol, complete racemization 
is observed when potassium reacts with the same ether in N-methyl- 
amine solution, or when sodium in methanol is used in liquid am- 
monia. Retention of configuration prevails when aprotic solvents, i.e. 
benzene or dietSyl ether, are used with a sodium-potassium alloy. 
Obviously, the stereochemical behavior of the carbanion formed is 
strongly determined by the properties of the environment and the re- 
action is therefore far more complex than shown by equation (42). 

2. Cyclic ethers 
Whereas the acid-catalyzed cleavage of oxiranes can lead to the 

formation of both normal and abnormal products, the base-catalyzed 
reaction is found to be more clear-cut. 

Sodium hydroxide in ethanol splits propylene oxide solely by attack- 
ing the primary carbon atomlo*. The preferential formation of the 
normal isomer results when other basic reagents are used. Hence it is 
most likely that the reaction occurs throilgh an S'?$ mechanism. A bi- 
niolecular step has also been assumed by WhalleyE4, who obtained 
negative volumes of activation for the cleavage of ethylene oxide and 
propylene oxide at 3000 atm using NaOH. 

Table 14 shows the experimental rate coefficients obtained at 60" for 
the bask and the uncatalyzed cleavages of ethylene oxide. In the latter 
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case reactions were carried out at pH 7.3 in a 2,4,6-trimethylpyridine- 
2,4,6 - trime t h ylp y ndiniu m perchlor ate buffer . 

TABLE 14. Pressure dependency of rzte 
cocfficients of the uncatalyzed and 
base-catalyzed cleavage of ethylene 

oxide. 

1 19.2 2.76 
500 2 7.2 3-19 

1000 36.6 3.64 
2000 59.1 4.3 1 
3000 86-5 ' 5.33 

The volumes of activation obtained at 60" are A Y* = - 18.9 ml/ 
mole for the uncatalyzed, ar,d dV' = -7  ml/mole for the base- 
catalyzed reaction. 

Much work has been done on the reactions of substituted styrene 
oxides with benzylamine in etKanole3 in order to clarify the question 
of the formation of normal and abnormal products (reaction 43). It 

ko 
> PhCHCHaOH 

NHCH,Ph (43) C '  PhCH(OH)CH,NHCH,Ph 

P\ 
PhCH-CH, + PhCHnNH2 

kn 

has been concluded, since the reaction was first order in each of the 
reactants, that both. reactions consist of a bimolecular process. The 
kinetic measurements (Table 15) clearly indicate an increase in the 

T.anLE 15. Rate coefficients k, and activation entropies for 
the cleavage of styrenc oxides with various substituents. 

103~n0rmnl  AS% 
Substituent (I/rnolc SCC) (cal/deg mole) 

3,4-Dimcthyl 1-41 
Unsubstituted 4.9 
rn-Chloro 7-28 

- 33.2 
- 37.3 
- 40.0 

05kabn0rrnil AS% 
(l/mole SCC) (cal/deg mole) 

3,4-Dimethyl 5-50 - 35.0 
Unsubstituted 1 *38 - 30.9 
rn-Chloro 0-66 - 24.9 
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normal reaction rate under the influence of elcctron-attracting 
substituents and inhibition with electron-donatir?g substituents ; the 
opposite is true in the abnormal rea-t' ., ion. 

In other words the p values of the Hammett equation are positive 
( p  = 1-0.87) for the normal reaction and negative (p = - 1.15) 
for the abnormal reaction, the dominating factor being the bond 
clezvage. The low values of the entropy of activation suggest 
that two neutral molecules forin a charged transition state. The same 
mecharisin may therefore be applied to both the, normal and 
abnormal reactions, in spite of the opposite signs of the p values. The 
rate coefficients are larger in methanol than in ethanol for almost all 
substituted products106 : k2 for the abnormal reaction of 3,4-dimethyl- 
styrene oxide is 8-26 x 10 - l/mole sec and for nz-chlorostyrene oxide 
it is 2.48 x l/mole sec. 

Less energy is necessary for the formation of the transition state in 
a solvent with a relatively high dielectric constant. Also the various 
changes in energy requirements caused by a change of substituents are 
smaller in methanol, i.e. the reactions in methanol are faster ar.d less 
influenced by substituents 105J06. 

The ratio pn/ps(pn = +0.30, pa = -0-70) is 0.43 in methanol, 
compared with a ratio of 0.76 ( pn = 0437, pa = - 1-15) in ethanol. 
This means that the selectivity in methanol is smaller. -4 decrease in the 
steric effect of the solvent is shown by the increase in yield of the ab- 
normal product from 22% in ethamoi to 38% in methanol. Besides tlis, 
an electronic factor also operates in the case of styrene oxides, e.g. the 
yield of the abnormal product \vi+ 3,4-dimethylstyrene oxide is 80% 
in ethanol and 7076 in methanol. Here the reaction site in the normal 
reaction is further removed fiom the substituents, resulting in a larger 
charge separation in the transition state, which is then better stabilized 
by solvents of higher dielectric constant. This leads to a relatively higher 
yield of the normal product. A further electronic effect must be con- 
sidered, namely thar: the greater ease of combination cif the oxirane 
with the more acidic methanol will accelerate the abnormal reaction. 

Differenr products a1 t: obtaizeci when the diastereoisomers of 
2-methyi- 1 -phenylethylene oxide are hydrolyzed under basic condi- 
tions. In the cis isomer the ring opening occurs at the C,,, atom with 
subsequent formation of the threo compound. The C&) atom is attacked 
in the case of thc trans isomer resulting in ring opening to give the 
eryth70 compound1". 

The opinion expressed by Boyd and PvIarlelOD that in the alkaline 
ring opening of oirane anions take part as intcrmediates82*109 has 
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been contradicted by the studies of Patat and coworkers 110-l12. 
According to the latter the first step in the addition of oxiranes to a 
phenol consists of the formation of a complex, the further reaction is 
characterized by insertion l13. 

Assuming that all the phenol appears in the system as a phenol- 
oxirane associate, a formulation of the reaction can be adoptedwhicliis 
similar to that suggested by Michaelis and Menten for fermentation 
reactions (reaction 44), where EO is the ethylene oxide and ME the 

(44) 

phenyl monoethylene glycol ether. The rate-determining step consists 
of the reversible reaction between the binary phenol-ethylene oxide 
associate and the catalyst. The products are then formed from the 
reaction of the catalyst-substrate complex. The reaction rate is 
given by equation (45). The unimolecular decomposition coefficient of 

k l  k2 
Catalyst + CGHsOH + EO & Transition state - t ME + Catalyst 

k-1 

(45) 
d [C,H,OH] - k, [CBH,OH] [catalyst] - 

dt  k2 + k; + k, [C6H OH] k2 V =  

the transition state k2 has different values when different catalysts are 
used (Table 16). 

TABLE 16. Dependence of rate coefficients for the cleavage of 
ethylene oxide and of propylerie oxide on various cata!ysts. 

Ethylene oxide Propylene oxide 
Catalyst k2[ l/min] 70" k: [ 1 /min] 80" 

Sodium phenolate 0.35 
Potassium phenolate 0.46 
Cesium phenolate 0.53 
Triethylamine 0.33 
Tributylaniine 0.38 

0-37 
- 
- 

0.55 
0.78 

The reaction of glycidyl phenyl ether with protonating agents such 
as phenol or benzoic acid in xylene or in nitrobenzene solution, in the 
presence of catalysts like sodium phenolate or tributylamine, shows 
that the reaction does not occur through an ionic mechanism, but 
through a ternary transition complex which is involved in the ring 
openinge7. The reaction is third order according to equation (46). 

d [oxirane] 
- = k, [catalyst] [oxirane] [attacking agent] (46) dt 
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1V* CLEAVAGE BY METAL HALIDES 
A. Acyclic Ethers 

Ethers yield complexes with Lewis acids which when heated lead to 
decomposition of the ether. The first example of such a reaction was the 
reaction of anisole with A1C13114. When molar equivalents (1 : 1) of aryl 
ether and aluminum halide are used a satisfactory yield of arjloxy 
ahminuxn halides can be obtained. This reaction was successfully 
adapted for the renloval of alkoxy groups from aromatic compounds. 
The 1 : 1 complex of diethyl ether with aluminum chloride decomposes 
when heated to give ethyl chloride, hydrogen chloride and ethylene I16. 
Aluminum bromide can be used in a similar manner. 

The reactivity of phenol ethers towards AlCl, gave the following re- 
activity sequence: isopropyl > ethyi > methyl. When 3,4-dimethoxy- 
benzaldehyde is split, no alkylated material is formed by reaction 
with the methyl chloride which is also formed in the reaction. The 
corresponding ethyi and propyl ethers, hawever, undergo ring alkyl- 
ation. I t  is therefore concluded that an SN2 mechanism operates in the 
reaction of :he methyl ethers, S,l being the main mechanism in the case 
of the other ethers116. 

Relatively efficient ether-cleaving reagents, besides aluminum 
halides, are the boron halides. Work has essentially been confined to 
preparative synthetic problems. Recent systematic work has mainly 
been concerned with the general applicability of the boron halides to 
ether cleavages. A summary has been given by Gerrard I1'. 

Diethyl and dimethyl ethers form complexes with BC13'18*119 
which on heating result in clcavage of the ether. Alkoxyboron com- 
pounds are formed first according to reaction (47). 

RzO:BC13 - ROBCI, + RCI (47) 

These react further with decomposition. For mixed dialkyl, diallyl 
and alkyl ally1 ethers the overall equation is (48), where R2 is the 

R'R20 + BCI3 + R'CI + R'OBCI, (48) 

stronger electron-donating group. The alkoxyboron compound formed 
may react further by addition of another ether molecule fol!owed by 
disproportionation. 

The reaction ofalkyl aryl ethers with BC13 can be formulated as in 
equation (4.9). A n  excess of ether will cause dis~roportionation~~. 

(49) ArOR + BC13 --+ RCI + 4rOBC12 
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Splitting of optically active ethers like ethyl (+)-1-methylheptyl 
ethcr results in inversion with some racemization. Ethyl ( + )-1-phenyl- 
e thy1 ether yields raczmic 1 -chloro- 1 -phcnylet hane (or-phenyle thy1 
chloride) 120. Here an SNl mechanisili is assumed. In the reaction of 
n-butyl s-butyl ether with hydrogen iodide clcavage yields n-butyl 
iodide and .+but$ alcohol, i.e. the mechanism is SN226. On the other 
hand the reaction with BCI, leads to s-butyl chloride and n-butyl 
alcohol. The rate-determining step is in this case the formation of a 
carbonium ion from the addition compound (ieaction 50). The 

R'ORa + BCI, R1gRZ -- R2+ + (R'OBC13)- -->R"CI + R'OBCI, (50) 
BCIJ 

stronger electron donor is R2. This mechanistic description has been 
criticized, since anisole gives fast cleavage with BCI, and also since no 
rearranged alkyl halides are formed as should be the case if free car- 
bonium ions are involved2. On  the other hand, the carbonium ion 
type of rezction seems to be justified by stereochemical studics. A 
unique description is as yet unavailable. 

Aliphatic ethers can easily be cleaved at room temperaturo with 
BF,-etherate dissolved in acetic anhydride, in the presence of lithium 
halides. Acetoxycyclohexane and cyclohexene are obtained from 
methoxycyclob.exane in the presence of LiBr 121. Use has been made of 
BBr, and BCl, in dichloromethane to determine methoxy groups in 
mono- and polymethylated mono-, di- and polysaccharides 122. 

8. Cyclic Ethers 
Cyclic ethers are very reactive towards Lewis acids. Ethylene and 

propylene oxides give r i ~ g  opening with AlCl,123, TiCl, 124, SnC1,80, 
BF3125-127 and FeC1,128. Addition of more cther leads ir, all these 
cases to polymerization as shown in Scheme 2. The cleavage occurs 
through an SN2 mechanism. 
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Using a molar ratio of 1 : 1 ethylene oxide reacts at - 80" according 
to equation (51) 125. 

> CICH2CHzOBCIz (5 1) 
/ "\ 

CHz-CHZ + BCI, - 
Propylene oxide yields 55-70% of 15a (equation 52). 

CH3CHCICH,0BCIz (15a) 

(52) c CHjCH,CHCIOBCI, (15b) 

0 

CH3Cd->Hz + BCI, 

Epichloroliydrin yields higher products, which do not appear in the 
cases of ethylene and propylene oxides lz6. Epichlorohydrin reacts with 
BE',-etherate, in the presence of alcohols, to yield a-chlorohydrin 
ethers. The reaction is first order in both the catalyst and the epichloro- 
hydrin. The rate coefficients k2 found in methanol and ethanol at 40" 
are 5-34 x i O - ,  and 3-44 x 

Mainly polymers are formed from trimethylene oxide. The stable 
1 : 1 complex of tetrahydrofuran and BF, decomposes on heating to 
1,4-dichlorobutane. When an excess of the ether is added the dimeric 
4-(4'-chlorobut~xy)-l-bu tan01 is formed130. 

l/mole sec, respe~tively'~~. 

C. Ring Opening a2d Rearrangement of Cyclic Ethers 
When substituted oxiranes are attacked by Lewis acids the ring 

fission is often accompanied by rearrangement 3- I3l. 
The nature of the rearrangement is influenced by the direction of the 

fission and by the migration aptitude of the various substituents. The 
direction of the ring cleavage depends on the position of the substh- 
ents which assist the C--0 bond breaking. The rearrangement can 
be generally described by reaction (53), where R1 and R2 represent the 

R' 0 R3 
\ / \ /  

C-C __j R1- 

\ 
R4 / 

R Z  

(53) 

strcnger electron-donating groups, so that the carbon atom carrying 
these groups will be the one involved in the G O  bond cleavage. 

Much attention has been given to the course of splitting and re- 
arrangement in the reaction between BF, and the epoxy ketone. The 
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ring opening can proceed in either of two directions with 
different carbonium ions (reaction 54). The reaction of 
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OH 

PhCO-&-t-H 
PhCo\ /o\/H 1 A 1  R2 I 

c-c 
\ OH 

Ra + I  
/ 

R' 
> PhCO-C-C-H 

formation of 
1 l-disubsti- 

(54) 

tuted oxiranes132 (reaction 55) leads to the formation of that cation 
PhCO 0 H PhCO HO H PhCO 0 

(55) 
\ / /  
/ 

d CH-C 
\+ y 

C- 

H Ph / \H Ph 

\ / * \ /  

\ / 
c-c __f 

\H Ph 

with a pcjsitive charge adjacent to the carbonyl group (b) . This inter- 
pretation is based on the assumption that the carbonium ion formed 
via (b) is more stable than the primary carbonium ion. Steric evidence 
for simultaneous ring opening and migration is offered by the iso- 
merization of the two diastereoisomers of a-phenylchalcone oxide 133. 

The cir and trans forms yield difierent products (reactions 56 and 57). 
PhCO 0 H PhCO OH 0 H Ph 

(56) 
II I /  

\&-?-!-I d PhCO-C-C 
\ / \ /  c-c ___f 

>h 
I I  

Ph / \Ph Fh Ph 

PhCO 0 Ph PhCO HO Ph PhCO 

(57) 
\ 
/ 

't-y - > Ph-C-CHO \ / \ /  
/ 
c-c + 

\H Ph / \H Ph Ph 

It musc therefore be assumed that phenyl groups are equally capable 
of stabilizing both intermediate cations. 

This condition is, however, not fulfilled by cis- and tzuns-ethylbenzal- 
acetophenone oxide 134. In this case formation of the intermediate 
cation according to reaction (56) is favored. This is followed by migra- 
tion of the benzoyl group with subsequent formation of 1,2-diphenyl- 
lY3-pentanedione. This is taken as an indication for a nonconcerted 
process, in which the cation formation is the rate-determining step. 
Discrimination between a two-stage process and a concerted one is as 
yet impossible, since substituent effects and their steric influence must 
also be considered. 
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111 a concerted rearraqement transition state 16a is plausible; this is 
supported by experiments with p,p'-substituted trans-benzalacetophen- 
one oxides 135. The relative rates of rearrangement are shown in 
Table 17. The rates are first order with respect to the ether. 

TABLE 17. Relative rates of rearrange- 
ment for some trutis-benzalaccto- 

phenone oxides. 
~~ 

Subs tit ucn t Relative rate 

Unsubstituted 1 -00 
4-Methyl 1-63 
4-Methoxy 1 a88 
4-Chloro 0.72 
4,4'-Dichloro 0.55 

'The reaction is accelerated by electron-donating substituents and 
retarded by electron-attracting groups. Generally the substituent effect 
can be considered to be small. Hence it can be concluded that a con- 
siderable part of the positive charge is carried by the group leaving the 

position. This points to transition state 16a. 
Ph 0 Ph 0 

Transition state 16b is supported by experiments on the rearrange- 
ments of fluorohydrin and by the appearance of fluorohydrin as a by- 
product of the oxirane rearrangement. Nevertheless there is, as yet, 
no evidence for either the transitior? complex 16a or the fluorohydrin 
complex 16h. 

With Lewis acids, triphenylethylene oxide rea-rranges to the corre- 
sponding aldehyde. Aluminum halides, unlike BF, 136, increase the 
migration of hydrogen atoms (Table 18) 13'. 

TABLE 18. Rearrangement products of triphenyl- 
ethylene oxide. 

Lewis acid %Ph2CHCOPh %Ph,CCHO 

BF,-etheratc 4-5 95-96 
AlC13 24-28 72-76 
AlBr3 24-28 72-76 
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The dominating migration is still that of the phenyl group, even in 
the presence of BE',, emphasizing the strcmger tendency of the phenyl 
group for delocalization of a positive charge. This should also explain 
the rearrangement of stilbene oxide int9 diphenylacetaldehyde in the 
presence of MgBr, and BF,-etherate 13*. 

Ring opening under the influence of aluminum halides cail also 
be understood if complex formation of the intermediate chlorohydrin 
(Ph,CClCH(OH) Ph) is presumed ; this subsequently undergoes re- 
arrangement invoiving competitive migration between hydrogen and 
phenyl. According to Rerick and Eliel the formation of both ketones 
and aldehydes would then be anticipated, since in the reaction of cis- 
stilbene oxide with MgBr, phenyl migration takes place exclusively, 
while mainly hydrogen migration is observed in the case of trans- 
stilbene oxide, triphenylethylene oxide with its structure occupying 
an intermediate position between these two, should obviously be able 
to react in both directions (17). 

CI CI 

A1 
\ /  
.-- \ 

ci o 
I I  

Ph-C-C-ki 

A 7  Jh 

(17) 

1 ORGA DMETALI-IC COMPOUNDS 

Ether cleavage with organometallic compounds usually results in 
elimination accompanied, however, by an a'$ elimination 139. 
At room temperature ethane, ethylene and sodium ethylate are 

produced when ethylsodium reacts with diethyl ether (reaction 58) 140. 

C2H,Na + (C,H,),O - > C2H, + CH,=CH2 + C,H,ONa (58) 

Amylsodium cleaves 2-methoxyoctane 141. Alkyl cholesteql ethers 
yield cholesterol and the corresponding alkenes with amylsodium 142. 

Alkyl phenyl ethers undergo metalation and cleavage 143. The ease 
of splitting depends on the availability and reactivity of the hydrogen 
in the p position of the alkyl group. Metalation of cresyl methyl ether 
is limited by the adjacent oxygen atom. The cleavages of isopropyl 
2,4,6-triisopropylphenyl ether and of dialkyl ethers by amylsodium 
demonstrate, however, that metalation is not always a prerequisite for 
cleavage. The first step in the reaction is considered to be a homolytic 
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dissociation of the amylsodium; this is more probable than ion forma- 
tion. The reaction then proceeds according to reaction (59). 

CH,CH3 

(59) - > RONa + CH,=CH, + C5Hlz / 
RO 

Na.. . - C,H,, 

/3-Elimination seems to be the only possible explanation for the 
cleavage of aiyl ethyl ethers with propylsodium (reactior, 60) 144. 

H H  H 
I I -  

M+6- + RO-k-C- __t [RO-C-C-J M+ + BH -. -i=C- + RO-M+ 
I 1  (60) 

a Metalation may well account for the cases where an a position of 
the ether is activated by a phenyl group. The second step is presum- 
ably an intramolecular cis elimination. Evidence for this has been 
obtained by using deuteratec! benzyl ethers (reaction 61). 

Na+ 
C6H5CDz0CH2CH3 + C3H7Na d C6H,CD-O-CHzCH3 + C3H,D (Gla) 

The fact that a elimination cannot possibly follow an a metalation 
is demonstrated by the example of 2-phenyltetrahydrofuran. The 
activated CL position can be metalated, but a subsequent normal 
elimination seems to be out of the question, since this would involve a 
proton transfer from the 1 to 3 position. From the reaction products, 
acetophenone and ethylene, it is obvious that the 0s metalation is 
followed by a 1,4-elimination with G-C bond fission. The primary 
attack on the a-hydrogen atom is also supported by the fact that 
unsubstituted tetrahydrofuran is unaffected by propylsodium (re- 
action 62). 

Butyllithium is capable of cleaving alkyl ethers’45 and alkyl aryl 
ethers146. Ally1 phenyl ethers are split by phenyllithium’. Alkyl 
phenyl ethers, on the other hand, seem to be stable to this rcagent. 
1,4-Dixnethoxy-2,3,5-trimethylbemene loses a methoxy group when 
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CHa 
CZH, + PhC, II 0- PhCOCH3 + M+OH- (62) 

0-M+ 

attacked by butyllithium at 27". Apparently a reaction involving 
direct displacement takes place147. In  this case nuclear magnetic re- 
sonance spectra have led to the conclusion that the methoxy group 
in the ortho position relative to the two methoxy groups is cleaved. 

Vinyl ethers react with buq-llithium to give aceglene and the corre- 
sponding alcohol 14M. Phenylvinyl tolyl ether yields cresol, phenyl- 
aceiylene and trans-stilbene when reacted with phenyl l i th i~m~~.  

Work on stereoisomeric ethers has shown that cis elimination is 
prefxred to trans elimination14e. As opposed to this, in the normal 
base-catalyzed reaction of stereoisomeric ethers, elimination of the 
trum substituents prevails. As far as the diastereoisomeric cyclohexyl 
methyl-2-phenyl ethers are concerned, the trans. isomer reacts more 
rapidly than the cis isomer, yielding phenylcyclohexane. The transi- 
tion state 18 seems likely. 

(18) 

The isomeric alcohols are formed when benzyl and benzhydryl 
ethers react with organolithium compounds lQ9. An intramolecular 
nucleophilic substitution (S,i) has been postulated, which involves the 
formation of a carbanion intermediate (reaction 63) 1 5 0 s E 2 .  

R PhCH--R 
I 
0- 
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This step should occur with retention of configuration when an 
optically active group is shifted. Recent results, however, favor a de- 
scription of a carbanionic cleavage-recombination mechanism 151. 

According to this the migrating group is eliminated as a carbanion 
which forms a complex with the lithium. In the resulting transition 
state an aldchyde-orgznolithium ion pair is formed ; e.g. carbinyl 
cyclopropyl ether reacts with methylli thium in tetrahydrofuran a t  
room temperature to yield 94% of the corresponding alcohol, after 
24 hours, with raceinization through the carbanion. 

Use has been made of the reactions of optically active alkyl benzyl 
ethers with buty1lithiu.m to study the stereochemical aspects of the 
mechanism152* 153. When the reaction was carried out in tetrahydro- 
furan considerable racemization was observed. It could be shown, 
using deuterated ethers, that racemization could not result from side- 
reactions. The coefficients, at - 56", for the reaction of a-metalated 
ethers are k = 2-81 x rn3-1-l for benzyl s-butyl ether and 
4-36 x min-l for benzyl isopropyl ether. These results exclude 
an S,i mechanism almost completely. As racernic products are formed, 
only a two-step mechanism is conceivable, i.e. cleavage of the C-0 
bond and subsequent formation of the new C - C  bond, the first step 
being rate determining. Raccmjzation takes place during the re- 
arrangement (reaction 64). 

(19) (201 

The alcohol with retained configuration is formed from 19 and the 
invertcd alcohol is formed from 20. The observed solvent effects on the 
reaction indicate an ionic mechanism. 

Nevertheless an S,i mechanism is suggested for tertiary-alkyl benzyl 
ethers154; e.g. CY elimination is assumed for the reaction of benzyl 
phenyl ether with butyllithium (reaction 65) 155. The further reaction 

(65) PhCHzOPh - > PhCHLiOPh ___f PhCH: + LiOPh 

of the carbene depends on the reaction conditions, e.g. in the presence 
of isobutene a substituted cyclopropane is formed together with some 
stilbene and polymeric material. a Elimination is also suggested by 

CIHoLi 
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Ziegler for the reactions of alkyl ethers with organolithium compounds 
where the corresponding alkenes are formed 145. 

Normal products are obtained when oxirane rings are opened by 
organolithium compounds. The primary carbon atom is attacked in 
the case of propIlene and styrene oxides156. The reaction between 
epichlorohydrin and phenyllithium is shown by reaction (66) 167. In 

("\ PhLi 
CHzCl H-CH2 w CHzCICH(0H)CHZPh 

tetrahydrofuran the rzaction with butyllithium foliows a different 
course 158: the addition of butyllithium results in the formation of 
a,p-unsaturated alcohols, and not the saturated ones. The proton in 
the chloromethyl group is attacked and the carbanion intermediate is 
transformed into the stable trans-alkoxide via a stereospecific ring 
opening reaction (67) 159. 

H \\ CHzOLi 

(67) t=c' - H +  > CICH=CHCH20H 
/ \  

CIH H 

Another way of cleaving cyclic ethers is by using a mixture of Lewis 
acids and bases, such as Ph3CNa/Ph3Al, which may give both nucleo- 
philic and electrophilic attacks simultaneously. Under such conditions 
at 20" 90% of the tetrahydrofuran is cleaved after 24 hours. 7Gyb yield 
is obtained when Ph3CNa/Ph3B is used160. 

VI. GRlGNARD REAGENTS 

Most ethers, except those with strained ring systems, are unaffected by 
Grignard reagents a t  low temperatures. In  order to describe the mech- 
anism of the reaction between ethers and Grignard reagents both 
displacement and elimination reactions have been considered, because 
in reactions of ally1 aryl ethers alkanes and alkenes as well as phenols 
are formed. Amylmagnesiurn bromide reacts with pheneiolc at 1 6Ool6l. 
Anisole, diphenyl ether, ethyl benzyl ether lG2 and ally1 phenyl ether lG3 

zcr: also cleaved by Grignard reagents. 
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Oxirancs generally react with Grignard reagents to form alcohols 
and halohydrins. 

Owing to the equilibrium of the solution, magnesium halides as well 
as alkyl- and arylmagnesiums are present. As has previously been 
shown for the reaction of ethers with metal halides, rearrangement of 
oxiranes may be caused by these compounds164. Epoxy ethers react 
with phenylmagnesium bromide with rearrangement to the respective 
alkoxy ketones, which further rezct with the Grignard reagent by a 
direct attack of diphenylmagnesium on the ketal car3on atom. I t  can 
be shown that the rearrangement with MgBr, proceeds more rapidly 
than the attack by d ipheny lmagnes i~m~~~ .  No such rearrangement 
occurs when diphenylmagnesium is used. The rate of migration of 
methyl groups is much smaller than that of phenyl or hydrogen, and 
hence dialkyl epoxy ethers react Miithout the formation of any isomers 
(reaction 68) 166. Propylene oxide reacts with phenylmagnesium 

O R  Ph OH 

t t  PhMgBr 
---+ Ph- - -R Ph-C- ''d 

I \  
OR P, A R  k 

bromide to yield a mixture of I-phenyl-2-propmol and l-bromo- 
2-propanol 16'. 

Oxetanes are cleaved by Grignard reagents in boiling benzenelG8. 
Tetrahydrofuran is cleaved with triphenylmagnesium bromide to 
yield 5,5,5-triphenyl- 1-pentanol 169. 

I n  the presence of catalytic amounts of FeC1, the reaction of pro- 
pylene oxide and phenylmagnesium bromide yields propylene arid 
biphenyl as the main products, accompanied by minor amounts of 
propanol. Halohydrins are not formed. The mechanism shown in 
Scheme 3 is suggested. 

(4 
(b) 

2 PhMgBr + FeCI, + Ph,FeCI + 2 MgBrCl 
Ph2FeCl --+ Ph-Ph + FeCl 

CH3CH-CH2Br - > CH3CH-CH2' + FeClBr 
FeCl 

1 
(c) 

AMgBr OMgBr 

;. CH,CH=CH + FeCI(0MgBr) 

CH,CH-CH,+ FeCl 
(4 I i ( i i )  FeCI+ + CH,CH-CH2- 

OMgBr 
1 

OMgBr 
SCHEME 3. 
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Formation of the radical in (c) seems p~ss ib l e~ '~ .  The alkene forma- 
tion from this can result either through direct attack by FeCl (i) or by 
elimination from the carbanion forlmed in (ii) (reaction 69). Reac- 
tion (70) describes thc alcohol formation. 

CH&H-CH,- CH,CH=CH, + OMgBr- (69) 

C!)MgBr 

FcCl Solvent 
CH,CH-CH2Br - CH3CH-CH2' - > CHsCHCH3 

I 
OMgBr 

I 
(70) 

AMg Br  OrlgBr 

The abnormal Grignard reaction has been used for cleavage of 
diary1 ethers in the presence of CoCl, 172. I t  is supposed that in this case 
radicals are formed (Scheme 4.) 173. 

R'MgX + COCIZ R'CoCI2 + MgClX 

R*CoCI 'R1 + 'CoCI 

'CoCI + R2X - 'R2 + CoClX 

SCHEME 4. 

The reaction cif monosubstituted diphenyl ether with isopropyl- 
magnesium bromide must lead to a rnixture of phenols if it is assumed 
that an aryloxy radical results from the fission ofp-fluorophenyl phenyl 
ether. The fact .that more than 50% of p-fluorophenol is obtained 
suggests a substituent-induced stabilization of the aryloxy radical, As 
far as can be concluded from the cleavage products, the stabilizing 
effect of the substituents decreases in the following series : 

m-Me > p-F > H and m-Me > m-CF3 > p-OMe 

Equation (71) is the general equation for the reaction. 

H' 
PhOPh + PhO' + PhH (71) 

For the cleavage of dibenzyl ethers another mechanism is postulated. 
The behavior of benzyl ethers towards ionic-cleavage reagents differs 
from that of phenyl ethers174. With an excess of Grignard reagents, 
resulting in an excess of radicals, the reaction proceeds as shown in 
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Scheme 5. Hence, the radical disproportionates into benzaldehyde and 
Free alkyl 

or H' 
PhCH20CHZPh - > PheHOCH,Ph 

d PhCHO + PhCH2' 
I I 
.1"' .1"' (T2Ph 

. 4 1  
PhCHO 

PhCHzOH PhCH3 

SCHEME 5. 

benzyl radical, both of which are further reduced to benzyl alcohol 
and toluene. 

The effect of various substituents on radical stabilization may be 
estimated from the radicals obtained in the reaction; the following 
series were obtained: 

(a) b-t-Bu > b-Me - p-Cl > p-OMe > H; 
(b) rn-Me - p-Me > mC1 > p-OMe > H; 
( c )  P-Mc > l -Ph > H. 

Monosubstituted dibenzyl ethers cleave according to equation (72). 

RCsH4CH20CHZPh - 'C RCoHSCHnOH + PhCH, (72) 

Both elcctron-attracting and -donating substitucnts increase the 
stability compared to that of the unsubstituted radical. The explana- 
tion for this lies in the mesorncric and polar effects of the substitu~nts'~~. 

WI. COMPLEX METAL HYDRIDES 

The ether bond is generally stable to attack by LiAIH, and other 
complex hydrides 176 ; as yet only a few examples dealing with cleavage 
of aryl and alkyl ethers by LiAlH, are available. 13-Alkoxy- and 
p-aryloxypropionitriles are reduced by LiAlH, lT7. A nitrile elimina- 
tion was assumed for the mechanism (Scheme 6). 

LiAlH. 
ROCH2CH2CN w ROCHoCHCN + AIH, + HZ 

ROCH~CHCN -+ RO- + CH,=CHCN 
S c m a r E  6. 

Catalysts, however, turned out to be quite effective when used for 
this reaction. Transition metal halides significantly increase the activity 

3 + C.E.L. 
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ofLiAlH,. Thus the addition of CoC1, causes 25 and 10% cleavage of 
allyl phenyl and benzyl phenyl ethers, respectively, although they are 
known to be unaffected by the pure reducing agent 178. With a mixture 
of LiAlH, and AlCI, it has been possible to obtain p-methoxytohene 
from di-4-methoxybenzyl cther. Cleavage of the benzyl-oxygen bond 
takes place in the case of 4-methoxybeciyl plienyl ether, the reaction 
products being methoxytoluene and phenol 17g. Phenol and an alkene 
are obtained from allyl phenyl ethers when transition metal halides 
are used180. 

The reaction is subject to a strong solvent effect. The 18y0 yield 
obtained in ethyl ether rises through 59% in dioxane to 86% in tetra- 
hydrofuran. The hydrogenolysis causes splitting of the alkyl-oxygen 
bond. No aryl-oxygen bond cleavage has been observed (reaction 73). 

R1 R? R1 R2 
I I  

ArOCH,C= ' C  R3 + LiAll-14 --+ ArOH + CH3C=CR3 (73) 

The effect of the various catalysts is shown in Table 19. 

T A ~ L E  19. Influence of catalysts on the yields of hydro- 
genolysis aftcr 24 hours at 65". 

Catalyst iMole cata!yst/mole ether "/o Reaction 

None - 12-4 
NiCln 41.6 x 10-3 82-6 
COCl, 62.4 x 10-3 44.0 
AlC13 40.4 x 10-3 38.1 
FcCI~ 16.6 x 10-3 22.4 

When aryl vinyl ether or its chloro and methyl derivatives react with 
LiAIH, in the presence of NiC1, as catalyst, phenols and hydrocarbons 
are formed1*'. Bond cleavage takes place preferentially between the 
alkyl group and oxygen. The yield with NiC1, is 67% as opposed to 
13% obtained in the uncatalyzed reaction. A 93% yield is obtained 
from phenyl vinyl ether at 0" ,in bis-(2-ethoxyethyl) ether solution, 
while only 38% cleavage occurs at 35" in ethyl ether. These results in- 
dicate the reversible formation of a complex between the ether and the 
solvent, and possibly also the hydride which is subsequently hydro- 
genated. 

If a hydride attack occurs it takes place exclusively at the least sub- 
stituted carbon atom in the reduction of oxiranes by LiAIH,. A bi- 
molecular SN2-type displacement mechanism is postulated for the 
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normal reduction of oxiranes. Formation of the most highly substitutcd 
carbinol is favored (reaction 74). Thus from propylene oxide, 21 is 

0 R1R2C(OH)CH,R3 (21) 
LIAIH., 

R'R'C-CHR3 (74) 

R1RaCHCH(OH)R3 (22) 

obtained exclusively ( 10Gyo). This corresponds to the normal type of 
reaction which in the case of primary-secondaiy oxiranes results in 
the formation of secondary alcohols. Tertiary alcohols are formed from 
primary-tertiary and secondaiy-tertiary oxiranes le2. With the more 
substituted oxiranes the yield decreases. 

The sulxtituent effect has been investigated in the casc ofp-chloro- 
and p-methylstilbene oxide lE3. Electron-donating substituents were 
found to assist an  SN2 attack by the hydride on the a-carbon atom, and 
electron-attracting substituents to favor attack on the p-carbon atom. 
111e same has been found for p-substituted styrene oxides and 
LiBEi, i84. p-Bromostyrcne oxide reacts to an extent of 84% with the 
formation of the normal carbinol, and 9-methoxystyrene oxide yields 
95% of the abnormal carbinol. 

Epoxy ethers yicld products (22) (reaction 74, R1 = OCH,) with 
LiAlH4le5. This is reasonable, as the ether group facilitates a 
nucleophilic attack by forming a positive charge on the adjacent 
carbon atom. The hydride actack results in inversion. Reaction of 
LiBH, with the trans-epoxy ether (reaction 75) gives 43% of the threo 
form (23) and only 17; of the meso form (24) lE6. Besides these products, 
9% of benzyl phenyl carbinol is formed. The stronger agent LiAlH, 
immediately leads to the carbinol (25). 

m r -  

(23) (24) 

PhCH&H(OH)Ph (75) 

(25)  

Trimethylene oxide, like its 2-, 2,2- and 3,3- methyl-, ethyl- and 
phenyl-substituted products, reacts with LiAlH, to form the corre- 
sponding secondary propanols. Here, the normal directive effects are 
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observcd in the reactions of unsymmetrically substituted oxetanes, 
namely that cleavage takes place between the oxygen and the least- 
substituted carbon atom la7. Even 2-phenylosctane undergoes ring 
cleavage to yield 1-phenyl- 1-propanol. Reduction with LiBH, gives 
the same result. The lack of the normal reaction product can be 
accounted for by the assumption that the oxctane ring has no tendency 
to form a polarized transition state; e.g. the abnormal product, 
2-phenylethanol, is formed in the reaction of styrene oxide with 
LiAlH41E4. When LiBH, is used instead, 26% of the primary alcohol 
is obtained. In the reaction of 2-oxaspiro[2.3]hexane with LiAlH, 
the ether is cleaved (reaction 76) 46. 

When inked hydrides are used, for example when AlCl, is added to 
LiAlH,, the results are necessarily diit'erent Lewis acids (AlX,, 
AlH,) are capable of an electrophilic attacklS9, and hence effect 
rearrangements concurrently with the ring-opening reductions (re- 
action 77) .  The exclusive character of the formation of 26 is no longer 

R2 R3 R' R3 R2 R3 
I I  LiAIH, I I  LiAIHd I I  

I I  
R1-C-C-H t R'-C-C-H R'-C-C=O (77) 

AICI, I 
'0' H OH H 

b 
R" R3 
I 1  
I I  

l i  OH 
(27) 

R1-C-C-H 

valid. Under these circumstances, in the reaction of propylene oxide 
with mixed hydridcs, 16-19yo of product 27 is formed. 

Tracer studies on reaction (77) using deuteratcd LiAlH, haie estab- 
lished that, in the presence of AlCl,, hydride transfer occurs with the 
formation of a carbonyl intermediate. This has been demonstrated 
with styrene oxide and isobutylene oxide. Styrene oxide, for example, 
reacts with LiAlH, to yield 90-95y0 of 26 (R1 = phenyl, R2 = 
R3 = H) but with a LiA1H4/AlC1, mixture it forms 95-95% of 27. 
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The reactions of triphenylethylene oxide and /I-diisobutylene oxide 
with mixed hydrides can be summarized as shown in Scheme 6. 

LiAIH, 

3 LiAIHI/AICI~ 

LiAIH4/4 AICI, 

0 A Ph2C(OH)CHZPh I ooyolBD 
Ph2C- ' 'CHPh Ph,CHCH(OH)Ph I 00y0137 -- Ph3CCH20H 67y0137 

Me3CCH2C(OH)Me2 100~0180 

Me,CCH-CMe, Me,CCH(OH)CHMe, 83y0137 

Me3CCMe2CH20H 77'301B0 

SCHEME 6. 

The product composition therefore depends on ihe character of the 
reducing agents. With an excess of LiAIH,, i.e. in the presence of 
AH,, direct electrophilic reductive ring cleavage of oxiranes gives 
mainly secondary alcohols. Whereas phenyl migration is caused by 
excess AlC1, with formation of aldehydes and primary alcohols, a 
t-butyl shift occurs in the intermediate chlorohydrin complex 
(R,CClCH(OH) R) . 

Addition of ACI, to LiALH, also brings about cleavage of tetra- 
hydrofuran in boiling n-butyl alcohol1s1. Change of the AlCI,/ 
LiAlH, ratio does not cause a change of yield. According to the 
equi'librium shown by equation (78) it is possible for a T complex to 

AICI, + 3 l.iAIH, ;k 4 AIH, + 3 LiCl (78) 

form, between -4lE-I, and tenahydrofuran, in which the C--0 bond 
will be weakened; the reductive cleavage follows easily. The high 
yield is a direct consequence of the stability of this complex. Tetra- 
hydrofuran yields 100% n-butyl alcohol after 24 hours, while n-butyl 
ether cleaves to the extent of5% in the same time. 

The direction of the ring cleavage can therefore be completely re- 
versed by using aluminum halides; carbonium ior, fbrmation and its 
subquen t  rearrangement is consequently increased by the strong 
electrophile. Moreover, with para-substituted styrene oxides and 
LiBH,, the steric accessibility to the carbon atom to be attacked 
is overshadowed by electronic factors even in the presence of 
Lewis acids Quite surprisingly, the reaction of Li41H4 with 
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epoxysilanes (28) leads to uniformly high yields of the corresponding 

/ '\ 

(28) 

0 

R3SiCH-CH2 

primary alcohols (R,SiCH2CH,0H) Ig2. 

Use of deuterated reducing agents has definitely proved that the 
secoridary carbon atom is directly attacked. As stereochemical argu- 
ments suggest an attack on the primary carbon atom would be 
favored, a different interpretation is necessary. 

Two possibilities seem plausible. After cleavage of the C-0 bond 
in the transition state the original carbonium ion on the secondary 
carbon atom is far more stable than that with the charge on the 
primary carbon atom. Attack in transition state 29 is further facilitated 
by the adjacent electron-releasing silicon atom. 

S- 6- 

On the other hand, formation of a three-centered transitionstate (30) 
is also likely. The second possibility seems to be acceptable since the 
yield of secondary alcohol diminishes from 13% when R = phenyl, to 
about 6% when R = p-CH,OC,H, 2nd finally to 0% when R = C2H,. 

No connection could be established between the various substituents 
and their electronic characteristics and the yields of secondary alcohols. 
This contradicts the assumption of a transition state like 29. On the 
other hand, the increase in the yield of primary alcohol caused by 
electron-withdrawing substituents, as in the case of R = tri-p-fluoro- 
methylphenyl, can be better understocd on the basis of the three- 
centered transition state 30. Further, the C-0 bond is made more 
labile b y  electron-releasing groups increasing the effect of the silicon 
atom. 

WSS. CLEAVAGE BY ALKALI METALS 

Akali metals are used in small pieces or in powder form for the 
ether-cleavage reaction; while alkyl ethers are mainly stable, aryl 
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ethers yield the corresponding alkoxides and organometallic com- 
pounds. When benzyl phenyl ethers react with sodium the bcnzyl- 
oxygen bond is cleaved lg3. Benzhydryl methyl ether behaves simi- 
larlyIg4 and is cleaved with potassium at room temperature195. Re- 
arrangements are also observed. 

Toluene (23%) and 1-pheny!ethanol (15%) are obtained from 
reaction of benzyl methyl ether for 2 hours at  115" lg6. The suggested 
mechanism involves ion-pair formation (reaction 79). 

P h C H 2 0 C H 3  + 2 N a  --+ PhCH,Na+ + C H 3 0 - N a +  (79) 

Subsequent proton exchange with unreacted ether gives toluene 
(reaction 80). The alcohol is obtained through inner rearrangement 

- +  
P h C H 2 N a  + PhCH,OCH, & PhCH3 + [PhCHOCH3]Na+ (80) 

(reaction 81). No rearrangement takes place in the reaction of alkyl 

0 0- 

CH3] N a  + (81) 

benzyl ethers and lithium (reaction 82) lg7. R may be either methyl, 

/ \  / 
[PhCH CH,] N a +  --> [PhCH- 

2Li' [ ~ C H 2 0 R ] ' ~  [ o C H , ] i i +  + LiOR (82) 

ethyl, phenyl or benzyl. 75 to 83% yields are obtained at - 5 to - 15". 
Similarly the reaction between potassium and methyl a-phenyliso- 
propyl ether proceeds without rearrangement. Phenylisopropyl- 
potassium may be obtained preparatively by this reaction lg8. 

Electron spin resonance spectra have shown the appearance of ions 
in this reaction at room temperature and in inert s01vents'~y. The re- 
action proceeds as shown by reaction (83). 

N a  Ida 
P h O P h  ['PhOPhI- [Ph"OPhI2- + (Ph")- + P h O -  (83) 

I 

$So'vent .1 
[Ph'HI- [Ph'PhI- 

Cleavage of the aryl-oxygcn bond follows the formation of the 
double negative ion. During cleavage the electron pair remains 
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localized on the aryl and not on the aryloxy fragment. The aryl frag- 
ment then either abstracts a hydrogen atom from the solvent or com- 
bines with another fragment. 

Better results and a smoother reaction can be achieved by addition 
of biphenyl in tetrahydrofuran instead of the free metal. A lithium- 
biphenyl adduct is formed (reaction 84). Here the electron transfer is 

carried out in a homogeneous phase which enables the use of milder 
conditions. Although anisole is not split by lithium alonezo0, i t  is 
cleaved to 55-80% by the biphenyl adductZo1. 2oz. Diphenyl ether 
gives a 96% yield of phenol with the samc reagent. The strong 
electron-attracting effect of the phenoxy groups makes the cleavage 
of phenyl ethers easier than that of methyl ethers .(reaction 85). 

Ally1 phenyl ethers are easily cleavcd, even by metallic lithium in 
tetrahydrofuran. The use of the biphenyl adduct results in rapid 
cleavage even below 0" 203. The relatively fast reaction of allyl ethers to 
that of m-ethyl ethcrs j: explained by the fact that resonance stabiliza- 
tion of the two anionic fragments in the transition state is more pro- 
nounced in the case of the allyl ether (reactions 86). 

(86b) - > Products Slow 
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Lithium is made even more efficient by the addition of ethylene- 
diamineZo4. At 90-loo", up to 54% phenol together with methane is 
obtained from anisolc. 

1 -Methoxy-2-naphthoic acid is reduced by lithium in liquid am- 
monia in the presence of ether as an additional solvent and of ethanol 
as a proton donor (reaction 87) 103*205. 

VCH3 

> mco2H + m c o a H ( 8 7 )  a Y C o a H  
Cleavage of alkyl phenyl ethers by sodium in liquid ammonia can 

follow either a one-electron mechanism, which in the case of anisole 
means the formation of a phenoxy ion and a methyl radical, or a two- 
electron mechanism in which the two fragments are ioniczoe. In an 
electron-rich environment the methyl carbanion, not the radical, is 
dcminant. Ammonia will instantanr- :usly react with the carbanion 
forming methane and an amide t 6  + c.:ording to the mechanism 
postulated by Birchlo3. Benzyl phe--. 2 cther reacts according to the 
two-electron mechanism. The resulting toluene and 1,Z-diphenyl- 
ethane are formed from the benzyl carbanion (reaction 88). 

PhCH2- + PhOCHzPh w PhO- + PhCH2CHaPh (88) 

The cleavage of phenyl phenylethyl ethers is considered to consist of 
a /3 elimination involving the amide ion formed in the solution and not 
the dissolved metal (reaction 89). 

PhCHzCH20Ph + NH2- + [Phc$&CH2pOPh] __f PhO- 1- NH3 f- 

PhCH=CH:, (89) 

The phenoxide ion elimination follows the deprotonation from the 
a-carbon atom. The styrene formed is further rzduced to ethylbenzene. 
When heated for a long time tetrahydrofuran is split by lithium in the 
presence of biphenyl to yield n-butyl alcohol. 

IX. ORGANOSILICBN COMPOUNDS 

Oxiranes are also split by chlorosilanes. Ethyl trichlorosilane cleaves 
ethylene oxide when carefully warmed in C1CH2CH2GSi (CH2CH3) - 
Cl, 207. Propylene oxide is converted into (CH,) ,SiOCH2CHC1CH3 
by trimethylchlorosilane 208. 

3* 
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Steric factors reduce the efficiency of triphenylsilyllithium as 
cleavzge reagent for alkyl phenyl ethers. Whereas the methyl ether 
reacts, ihe higlzcr honiologs remain intact 209. An SN2 mechanism is 
postulated (reaction 90). 

(CtiHD)$i- + ROCGH, (CUH,)$iR + CGHIiO- (90) 

Oxiranes form the corresponding carbinols. For ethylene oxide 210 

the reaction can be formulated as in reaction (91). Propylene oxide, 

/O\ 
CH,-CH, + Ph3Si- __+ Ph3SiCH,CH20H 

styrene oxide, trirnethylene oxide m and tetrahydrofuran 212 react in 
the same wzy. These reactions have previously been considered only 
from the purely preparative point of view. 

X. FURTHER POSSlBlLBTlES O F  ETHER CLEAVAGE 

Recently radiolysis has been employed as a new method for cleavage 
of the ether bond. Thus diethyl ethers decompose when subjected to a 
dose of about 1020 ev/g of 6oCo gamma radiation. The main products 
identified were hydrogen, 2,3-diethoxybutane, ethanol, ethane and 
ethylene 213. 

Free radicals can also cleave the ether bond. Alkyl benzyl ether is 
split by the t-buc~xy radical; the attack is accompanied by hydrogen 
abstraction dxd I'ormation of a radical on the benzyl a-carbon atom. 
This subsequently either decomposes to an aldehyde or undergoes 
recombination 214. 

Ring opening of oxiranes is also caused by radicals2I5. t-Butoxy 
radicals extract a-hydrogen and epoxy radicals are formed, which are 
further converted into a-olio radicals. Alternatively, a ,!?-hydrogen may 
be extracted and an unsaturated alkoxy radical will result; c.g.  pro- 
pylene oxide reacts when heated with 1 mole p e r  cent of t-butyl 
peroxide to yield ally1 alcohol (reaction 92). 1,2-Butylene oxide give 

/O\ - /O\ 
CH~CH-CHC + (CH3)aCO (CH3)SCOH + CHZCH-CHI, w 

CHZ=CHCHZOH (92) 

2-butanone via a-hydrogen extraction as well as crotonaldehyde and 
crotyl alcohol via P-hydrogen extraction 216. 
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When stilbene oxide reacts with t-butoxy radicals 217 the dimer 

(C,H,-cHCOC,H,), is Pi-GdilCed via :he intermediate radical 
C,H,kHCOC,H,. 

In  the presencc of nt-chlorobenzaldehyde ternary phosphines 218 
such as t-butylphosphine o;ride219 have been used in opening oxirane 
rings. The latter rezgent reacts with trans-stilbene oxide to yield des- 
oxybenzoin and diphenylacetaldehyde. 

I 
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1. INTRODUCTION 

The effect of methoxy substituents on chemical equilibria, rates of 
reaction, and isomer proportions in aromatic substitution has been 
extensively studied by many workers, often because the introduction 
of this group provides useful information about reaction mechanisms 
and structure-reactivity relations. Other alkoxy groups have received 
less attention, but this is not as great a disadvantage as might appear 
at first sight since different alkoxy derivatives usually show closely 
sirnilar reactivities even when their rates of reaction are vastly greater 
than those of the parent compound, as for example in the halogenation 
of benzene (section VI.B.2). In the absence of complicating features 
(e.g. steric factors and neighbouring-group effects) the reactivity of an 
a l k o q  compound can therefore be predicted reasonably reliably from 
data for the methoxy derivative. Greater differences in kinetic be- 
haviour are observed when alkoxy and phenoxy substituents are 
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compared, and further modifications can be expected w >tituents 
are introduced into the aromatic nucleus. Substitute Y groups 
have, however, been studied on only a few occasions. 

I t  is clearly not possible to discuss all the reactions which have been 
investigated but it is hoped that the examples quoted will indicate 
the general behaviour of the substituents. 

The systematic IUPAC nomenclature has not been employed in- 
variably throughout this chapter as i t  was felt that a clear picture 
would often emerge more readily by describing compound- as 0-,  m-, 
and p-derivatives. This applies particularly to discussions of the reac- 
tivities of substituted anisoles relative to the reactivity of anisole itself. 

A. The Polar Effects cf Substituents 

The introduction of a substituent alters the rates of reactions (or 
chemical equilibria) by causing different changes in the stabilities 
(free energies) of the initial and transition states (or final states) ; the 
polar character of the substituent is usually an important factor in 
determining the magnitude of these changes. Alkoxy and aryloxy 
groups show electron attraction by the general inductive effect ( - I ) ,  
but they can also release electrons by the conjugative effect (+  T ) .  
The magnitude of both effects is intermediate between those shown by 
secondary amino and fluoro groups, as shown by the following 
sequence : 

- I  effect F >RO (ArO) > R2N 

+ T effect R2N > RO(Ar0)  >F. 

Both modes of electron displacement can be subdivided into a per- 
manent polarization and a polarizability effect; the latter depends on 
the electric field acting on the substituent (i.e. on the polar nature of 
other groups present) and may therefore support or oppose the per- 
manent polarization. I t  is, however, convenient to neglect this sub- 
division in the present discussion though it must be borne in mind that 
the magnitudes of the - I and + T effects may vary considerably from 
one system to another ; this applies particularly to conjugative electron 
release. 

These polar effects are well established and are therefore only out- 
lined below. Further details can be obtained by reference to standard 
works 
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1. The inductive effect 

The - I effect of alkoxy and aryloxy groups arises from the different 
electronegativities of oxygen and carbon. The elcctrical centre of 
gravity of the C-0 valency electrons is therefore displaced towards 
the oxygen atom and the resulting dipole induces partial positive 
charges over the rest of the molecule (1). The transmission of this type 

G .  Kolinstam and D. L. H. Williams 

d -  d +  d d +  O d d +  
RO- C- C- C 

(1) 

of electron displacement along a saturated chain is heavily damped so 
that the influence of a - I  group on a reaction rate (or equilibrium) 
can be expected to decrease rapidly with iiicreasing distance from the 
reaction centre. Inductive effects can also be relayed to another site in 
the molecule by electrostatic interaction through the space between 
groups. This can be ofimportance in ring systemsai3 but the magnitude 
of any such transmission again decreases with increasing separation. 
In addition inductive electron displacements may be relayed conjuga- 

(2) 

tively in suitable systems (e.g. Z ) ,  but any such effect will be obscured 
in alkoxy compounds by thc accompanying electron release (+ T). 

2. The conjugative effect 

The + T effect of alkoxy and aryloxy groups arises from the ten- 
dency of the unshared electrons to increase the covalency of the 
oxygen atom. The resulting electron displacement can be relayed to 
other sites in the molecule by conjugation, as illustrated for anisole (3) ; 

(3) 

these displacements will occur to that extent which leads to the 
minimum energy for the system. As the unshared electrons are relatively 
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easily polarized, the presence of electrofi-attracting or other highly 
polarizable centres at  other sites in the moleculc will enlhance con- 
jugative clectron relcase, so that the clcctron displacements will be 
more marked in p-nitroanisolc (4) than in 3. On this view, an increase 

in + T electron release is associated with an enhanced stability of the 
system. Altermtively, the situation can be described by regarding 
anisole as a resonance hybrid in which the valence-bond forms (5) 
contribute significantly to the final structure, but not as much as 6 
contributes to the final structure of k-nitroanisole. 

Obviously, the full operation of the + T effect and its efficient relay 
to other parts of the molecule requires a planar system. If Khe co- 
planarity of the various groups involved is destroyed (e.g. by the 
introduction of bulky ortho substituents in aromatic compounds) a 
reduction of + T electron release by alkoxy and aryloxy groups can be 
expected. The general problem of steric inhibition of resonance has 
been reviewed 4. 5, and all the considerations put forward in this and the 
preceding subsection are fully supported by physical properties such as 
dipole moments 6 .  7, conjugation energies 7. 8,  electrical polarizability 9, 

and light a b s o r p t i ~ n ~ * ~ ~ * ~ ’ .  For example the effect of other groups 
on the + T release by a methoxy group is particularly well illustrated 
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by the extinction coefficients of substituted anisoles in the neighbour- 
hood of 2800 A lo ; some of the results are given in Table 1. The elec- 

TABLE 1. Extinction Coefficients of substituted anisoles lo. 

.--- 
Compound &nax.(A) E 

M r O O N 0 2  

M e 0  

Me' 

( 7 )  2700 1400 

( 8 )  3050 13000 

(9) 2596 27000 

(10) 2650 600 

(11) 2763 3000 

tronic transitions involved correspond qualitatively to electron dis- 
placements along the axis of the system, and the large increase in the 
extinction coefficient of anisole (7) on the introduction of a p-": d r O  or 
p-phenyl group (8 and 6 )  clearly demonstrates the enhancement of the 
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+ T effect of the methoxy group by these substituents. Similarly, the 
small extinction coefficients of the dimethyl derivatives (10,11, and 12) 
relative to the compounds from which they are derived (7 and 8) 
are fully consistent with the steric inhibition of conjugation expected 
from the loss of coplanarity in the resonating system. This type of 
behaviour is also exemplified by the fact that the dipole moment is 
reduced from 4-76 in p-nitroanisole to 3.69 in p-nitroethoxydurene 
(13) 6b.  

B. General Considerations 
The present considerations of the - I  and + T effects of alkoxy 2nd 

aryloxy groups are supported by a vast amount of chemical informa- 
tion. Some of the evidence is discussed later in this chapter, but the 
effects are now so well established that it is convenient to reverse the 
procedure and to  consider the experimental observations in terms of 
the electron displixements which can occur in the systems under 
consideration. 

In general the introduction of alkoxy and aryloxy groups does not 
cause radical changes in reactivity by the operation of the - I  effect, 
especially when the substituent is at some distance from the reaction 
centre. The resulting electron displacement is greater for a phenoxy 
than for a methoxy group since phenyl itself, unlike methyl, attracts 
electrons. Although the efficient transmission of the + T effect to 
another site in the molecule requires a fully conjugated system, the 
consequences of the - I  effect are often obscured by the much greater 
capacity for electron release (+  T )  even when this requirement is not 
met. This applies particularly to the p-alkoxy phenyl group which 
tends to act as a n  overall donor of electrons under these conditions, 
relative to the phenyl. Apparently p-ROC6H,CH2CH2X (say) involves 
a significant contribution from the valence-bond structure 14; this 
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seems to be sufficient to reverse the consequences of the - I  effect of the 
alkoxy group and to allow the inductive transmission of tlic negative 
charge to the reaction centre (X). 

On  the other hand, the m-alkoxyphenyl group almost invariably 
behayes as an overall electron-attracting group but, nevcrtheless, does 
not always withdraw electrons from a reaction centre as strongly as 
would have been expected if no + T effect had been operating (cf. 
reference 1 1). This second-order relay of -I- T electron release can arise 
from electrostatic interaction through space between the reaction 
centre and the negative charge resulthg from a contribution of the 
valence-bond structure 15, but this relay appears to be less effective 

than in 14 although both 14 and 15 can be expccted to be of similar 
importance in determining the structure of the respective molecules. 

The efficient relay of the + T effect to another site in a molecule 
requires a fully conjugated system but there is evidence that this 
transmission also becomes damped with increasing distance (see sec- 
tion IV.C.2). Nevertheless, the accelerating effect of the p-rnethoxy 
group can be very large, as it is very sensitive to the electron demand 
at  a reaction centre to which i t  is conjugated; for example the 
approximately 1000-fold acceleration of the protodesilylation of 
phenyltrimethylsilane12 is increased to a factor of about 1O1O in the 
molecular bromination of benzene 13. 14. The available evidence sug- 
gests that these large accclerations arise essentially from a reduction in 
the activation energy on the introduction of a p-methoxy group; in 
some cases the accompanying change in the entropy of activation even 
tends to retard the reaction15. As a result, the increase in reaction rate 
caused by slkoxy and aryloxy substitution can depend markedly on the 
temperature; for example the ratio kp,-M,O/kH for the hydrolysis of 
p-nitrodiphenylmethyl chloride in 85% aqueous acetone decreases 
from 5 x lo5 at 0" to 5 x lo4 at 5Ool6. 

All the available chemical evidence suggests that the magnitude of 
the + T effect decreases in the order: HO > M e 0  > PhO. The 
behaviour of the phenoxy group is not unexpected since conjugative 
electron release will be hindered by the electron-attracting phenyl 
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group, and the apparently anomalous position of the hydroxy group 
has been interpreted in terms of hyperconjzgahn of the H-0 
linkageI7 and the greater solvation stabilization of H-O= relative 
to Me-0=l2. 

+ 
+ 

11. STRUCTURE-REACTIVITY RELATIONS 

The vast amount of information which is now available about the 
eEect of substituents on reaction rates and equilibria has stimulated 
many attempts to correlate structure with reactivity. The resulting 
relations (linear free energy or structure-reactivity relations) have 
been based on empirical or semiempirical considerations but their 
theoretical implications have often been examined and discussed. 
While these relations have been successfully employed in the recogni- 
tion of the main reaction types and in the discussion of the mechanistic 
details operating in some reactions, the correlations are usually not 
quantitative within the limits of the experimental error of the actual 
determinations, and thc stage has not yet been reached when the 
various parameters can be predicted from purely theoretical considera- 
tions. A detailed discussion is beyond the scope of this chapter and, in 
any case, several excellent reviews have been published during the Iast 
few  year^'^-^^. The present section is therefore limited to 2n outline 
of the main features which are relevant to the discussion of alkoxy and 
aryloxy substituents. 

A. The Hammett Equation 
Most of the present relations between the rate or equilibrium con- 

stant of a substituted derivative (kx) and that of its parent compound 
(kH) are of the same form as the original Hammett equation2* (equa- 
tion l) although a variety of different sets of substituent constants (a) 

1% (kxlk,) = UP (1) 

have been proposed for different types of reaction. Positive values of 
the reaction constant (p )  show that electron-attracting substituents 
(positive a) facilitate the reaction under consideration, and vice versa. 
I t  seems reasonable to consider that the value of a reflects the magni- 
p-ide OF the electrcn displacement caused by the substituent at the site 
of substitution, and that p is a ineasure of the sensitivity of the stability 
of the transition state (or final state) to changes in the electron 
densities, relative to the initial state. As a result p is not solely con- 
trolled by the electron demand at thc reaction centre but also depends 
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on the structure of the system which governs, among other factors, the 
efficiency of the transmission to thc reaction centre of electron dis- 
placements initiated by the substituent. 

It was originally assumed that equaiion (1) would only apply to 
systems where the introduction of substituents does not alter the 
standard entropy change (AS" or AS') of the process since a must be 
independent of the temperature. However, this condition is also met 
by the isokinetic relation (2) which was found to apply to many re- 

action series25. On  the other hand, a large number of processes show 
the linear relation between log k, and a required by equation (1) al- 
though a similar relation does not hold for AH* and AS:,  and it is note- 
worthy that @-methoxy and p-phenoxy substituents decrease AS' for the 
S,l hydrolysis of diphenylmethyl chloride by about 4 cal/deg at  50°, 
while many other substituents leave AS* virtually ~nal te red '~ .  Simi- 
larly, specific interactions between the solvent and the suhstituen t 
which do not occur in the standard series employed for establishing u 
may well invalidate equation (1) when such interactions do not occur 
on the same relative scale with all substituents. Again, alkoxy and aryl- 
oxy groups can be expected to be particularly favourable to the opera- 
tion of such specific solvation effects since the interaction between the 
medium and the positive charge on the oxygen atom (see structures 5 )  
may differ greatly from one solvent to another (see also reference 26). 
The general question of entropy and solvation effects has been dis- 
cussed by Ritchie and Sager 23, and these effects probably represent 
one of the factors which prevent equation (1) from being a completely 
precise relation for some reactions. 

Equation (1) must inevitably fail to correlate substituent effects if 
thc polar requirements of the system are altered by some substitutions; 
i.e. if substituents alter the reaction mechanism or the kinetic im- 
portance of the individual steps in a multistage process. This situation 
is easily recognized when both electron-attracting and electron- 
releasing groups accelerate the reaction, as in the reactions of benzyl 
halides with relatively strong nucleophiles 27* 28  ; several other examples 
have been given by Grunwald and Leffler 19. 

1. The substituent constants u and 0- 

The original Hammett substituent constants (a) were obtained by 
taking p as unity for the ionization of benzoic acids in water; they gave 
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good correlations for a large number of reactions24. Values of a are 
riow mailable* for a number of alkoxy and phenoxy 30, and 
a selection is given in Table 2. 

I t  i+as, h ? ~ e v e r ,  recognized from the beginning 24 that ' exalted' u 
values were required for substituents capable of - T electron attrac- 
tion when they were conjugatcd to an electron-releasing reaction 
centre, as in the ionization of para-substituted phenols and anilinium 
ions. The resulting substituent constants (a-) 31 have also been found 
to give good correlations in nucleophilic aromatic substitution for 
most substituenrs20.32 but the niethoxy group appears to be highly 
anomalous, different reactions often requiring different values of a- . 
Thus the ionization of phenols leads to CT- = - 0-1 1, the ionization of 
anilinium ions to a- = - 0-25, and nucleophilic aromatic substitution 
to u- z -0.6O2O. I t  seems reasonable to expect that the + T effect 
of the methoxy group will be suppressed to some extent when this 
group is conjugated to an electron-releasing reaction centre. As a 
result u- should be less negative than a, but it can be seen that even 
this requirement is not always met, since u = - 0.27 (see Table 2). 

2. The substituent constant U+ 
Reactions in which substituents capable of + T electron release are 

conjugated to an electron-demanding reaction centre have been found 
to give poor correlations with a; alkoxy and aryloxy groups clearly 
belong to this class. Electrophilic substituent constants (a+) were 
initially obtained from the S, 1 hydrolysis ofpara-substituted 2-phenyl- 
2-propyl chlorides (16) where the polar requirements of the transition 

x 
(16) 

state are unambiguous 33, and have given good correlations for a wide 
variety of electrophilic aromatic substitution reactions 21. 34 as well as 

* I n  the subsequent pages of this chapter CJ denotes the Hammett substituent 
constants obtained from the ionization of benzoic acids. Othcr substitucnt con- 
stants will be identified by the conventional subscripts or superscripts. 
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for numerous other processes (see reference 23). As expected, U +  is 
more negative than u for p-methoxy and f-phenoxy groups (see 
Table 2). 

Several authors havc seriously questioned the concept of the three 
distinct sets, a, U-, and a+, forpara substituents* and have argued that 
a continuous range of substituent constants, corresponding to a range 
of conjugation and polarization, is to be expected for substituents 
which can conjugate directly with the reaction centre. This prediction 
has been confirmed by two different sets of workers who found such a 
continuous range within the limiting values of a- and U +  for methoxv, 
phenoxy, and other polarizable substituents in various cases where 
conjugation can O C C U I - ~ ~ , ~ ~ .  On  the other hand, Brown and Stock have 
provided strong evidence for the application of U +  to a variety of 
electrophilic aromatic substitution reactions having widely differing 
reaction constants ( p )  21-34, and therefore consider that a revision is 
required of the notion that resonance stabilizaticns in anisole will 
necessarily alter as the electrophilic properties of the reagent are 
modified. Their general conclusion about the validity of a+ in these 
i-eactions is, however, weakened by a number of inconsistencies 37. 

It has already been pointed out that the accelerating effect of the 
methoxy group can be very large (section 1.B). Under these conditions 
the determination of the ratio kp.Meo/kH oftm requires comparisons of 
several different derivatives in different solvents or a t  widely different 
temperatures, and may therefore be subject to inaccuracies which 
could obscure small changes in the substituent constant. Evidence that 
the changes expected for the substituent constants of methoxy and 
phefioxy groups with increasing clectron demand in a conjugated 
system do occur has been obtained for the effect of aubstituents (X) in 
the S,l hydrolysis of diphenylmethyl chlorides (i'i where Y = MeO, 
H, NO,) in 85% aqueous acetone 38. The resulting substituent constant 
for the mcthoxy group (Y = H) is more negative than (J+ and suggests 

(1'i) 

* For meta substituents, u = u- = a+. 
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that a + derived from the hydrolysis of 2-phenyl-2-propyl chlorides33 
may require revision since the ratio k,/ka has the same value in both 
thcsc systems for most of the substituents studied. The discrepancy 
may arise from inaccuracies in the solvent correction39 when u+ was 
calculated and it is noteworthy that the methoxy group, the most 
accelerating substituent studied in many electrophilic substitution 
reactions 34, requires a different substituent constant in the hydrolysis 
of alkyl aryl halides if the results obtained with 17 are reliable. 

Many other reactions which give a better correlation with u+ than 
with u for a variety of substituents nevertheless appear to require 
substituent constants for methoxy substituents which differ signifi- 
cantly from a+. Ritchie and Sager have drawn attention to the sur- 
prising feature that reaction centres may be sufficiently electron- 
deficient to require dirzct conjugation with electron donors without 
causing a large value o f p  for the reaction23. I t  must also be stressed 
that although the conjugation effect might be expected to increase 
with increasing p40, this prediction is contrary to much of the available 
evidence which show little relation, if any, between these two 
factors 34.35.41.42. 

3. Other substituent constants 

I t  is now generally agreed that conjugation with the substituent can 
occur in the benzoic acids (see section 1II.C) and that the values of u 
are therefore not free from direct conjugation effects. In attempts to 
overcome this difficulty new scales of 'normal' substituent constants 
have been proposed by Wepster and his coworkers35 (u") and by 
Taft36n43 (ao) from results for systems in which the substituent is 
insulated from the reaction centre; in general these two scales differ 
little from each other. It has, however, been argued that the values of 
on do not entirely eliminate the polar effect of the substituent on the 
resonance interaction of the reaction centre with the benzene ring, and 
a further scale (a,) which is held not to suffer from this disadvantage 
has been established from a study of the saponification of ethyl 
phenyl acetates44. Table 2 shows that a", uo, and uG are negative for 
the p-methoxy group, presumably because some of the positive charge 
created in thc resonance stabilization of the aromatic nucleus is trans- 
mittcd inductively to the site of the reaction (see section 1.B). 

Comparison of an (or a') with the substituent constant (aobs.) 
required by processes in which the substituent is conjugated to the 
reaction centre provides information about the additional resonance 
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stabilization of the transition state (or final state) relative to the initial 
state. Wepster aEd his coworkers have, however, pointed that 
erroneous conclusions would result by merely considering the ' exalta- 
tion' of the substituent constant (cob::. - on) and that the mzgnitude 
of this stabilization is given by equation (3). This expression has been 

applied to a number of system: cmtainingp-methoxy substituents, and 
values of dFx - dF, have be;.n found to be - 5  kcal or less in some 
cases 35. 

The Grst successful attempt to correlate aliphatic reactivities by 
equation (1) was based on a study of 4-substituted bicyclo[2.2.2]octane- 
1-carboxylic acids3 where the substituents exert their effect by the 
transmission of the inductive effect through space. The work led to a 
scale of aliphatic polar substituent constants (e,(al.)). This scale has 
been extended by Taft and his coworkers to other substituents, 
including mcthoxy and phenoxy groups in the course of their general 
study of the separation of substituent effects in aliphatic systems into 
polar (inductive), resonance (conjugative), and steric contributions. 
Details of this work can be obtained from Taft's review45 and from 
other discussions of structure-reactivity relationships 19* 20.  23. 

Striking success has also been achieved by Taft and his coworkers 
in separating the polar and resonance effects of substituents in aro- 
matic reac t iv i t ie~~~,  46; the assuxxptions made in this treatment have 
been examined critically by Wells 2o  and by Ritchie and Sager 23. The 
polar (inductive) substituent constants (c,(ar.)) were usually the same 
as c,(al.), but this does not apply to phenoxy groups (see Table 2) .  
On the other hand, no common scale independent of the nature of the 
reaction could be found for the resonance (conjugative) contribution 
(cR) and while such a scale appeared to apply to some meta substituents, 
the methoxy group could not be included unless only reactions with a 
small electron demand were considered. A precise scale for thcse 
effects (0;) could, however, be defined for systems in which direct 
conjugation with the reaction ccntre is prohibited, and e l  was inter- 
preted as indicating thc ability of the substituent to undergo conjuga- 
tion with the benzene ring. This scale is related to co by equation (4). 

(4) 

It is noteworthy that the chemical shifts arising frgm 19F in the nuclear 
magnetic resonance spectra of meta-substituted fluorobenzenes are cor- 
related extremely well by cI(ar.) 36, and that the differences of these 

eo = c,(ar.) + 0: 
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chemical shifts for the corresponding m- and p-fluorobenzenes give 
excellent correlations with 0; 36- 47. 

Steric effects may operate when ortho substituents are examined, and 
values of 0.99 and 0.90 have been assigned to the steric substituent 
censtants (E,) of methoxy and phenoxy groups in ol-llro-substituted 
b e n ~ o a t e s ~ ~ .  

TABLE 2. Mean values of substituent constants. 

CF,O PhO M e 0  

mefa ja ra  mefa jcra nieta para 

0.47 - 

0.55 
-0.13 

0-28 - 
- 
0.42 

(0 *55) a 
- 0-18 

0.25 
- 

- 
0.38 
0.48 

-0.31 

- 0.32 
- 

- 0.5 

0.12 

0.05 

0.13 

0-25 
0.28 

- 0.41 

- 

- 

- 

- 0.27 
- 0.2 
- 0.78 
-0.11 
- 0.12 
- 0.05 
- - (0.28)" 

- 0.43 
~~ ~~~~~ 

It is assumed that ol(ar.) has the same value for nrek~ and purn substituents. 

4. Comparison of different substituent constants 
Ritchie and Sager have collected the mean values of the various 

substituent constants for mafiy groups 23. Their values for perfluoro- 
methoxy, phenoxy, and methoxy groups are given in Table 2 and 
require only a few additional comments; values for other alkoxy 
groups are not shown but they are very similar to those for the 
methoxy group. 

The positive values of a,(al.) and a,(ar.) and the negative values of 
ui are fully consistent with the - I  and + T effects shown by these 
groups; so is the fact that meta substituents always show more positive 
values than the corresponding para substituents. The decrease in 
the values of the substituent constants almost invariably follows the 
sequence: CF,O > PhO > MeO, as expected from the decrease of 
the - I  effect of the organic groups in the order: CF, > Ph > Me; the 
0 value for the p-phenoxy group is, however, anomalous. 

In  general the values of cr, u", (TO, and uG for a given substituent are 
very similar23 but this does not apply to the present groups. I t  is also 
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noteworthy that ol(ar.), oi, and uo do not bear the relation required 
by equation (4). Virtually all the difficulties in the application of 
linear free-energy relations, such as cquation ( l ) ,  have arisen when 
polarizable groups were considered and it may well be that even the 
present diversity of scales of substituent constants is not sufficient to 
account for all the reactions involving the highly polarizable alkoxy 
and aryloxy groups. 

B. Other Structure-Reactivity Reltitions 

Several authors have attempted to attack the problem of variable 
conjugative effects by adding further parameters to equation (1). 
Tsuno and Y a k a ~ a ~ ~  obtained good correlations for a number of 
electron-demanding reactions with equation (5), where the resonance 
parameter ( 7 )  depends only on the nature of the reaction and is taken 

log (k,/k,) = p [u  + r(u+ - a)] (5) 

as unity for the hydrolysis of 2-phenyl-2-propyl chlorides. Thk equa- 
tion has been employed successfully by other workers and it has been 
found that r is not related to p in the sense that one must increase with 
the ~ t h e i - ~ ~ * ~ ~ ~ . ~ * ~ ,  a conclusion which renders any interpretation of 
r difficult. Another three-parameter equation proposed for electro- 
philic aromatic s u b ~ t i t u t i o n ~ ~  suffers from the disadvantage of re- 
quiring increased conjugation effects as p increases (see section II.A.2). 
I n  a different attempt to take the conjugation effect into account 
Hine50 allowed different p values for meta and para reactivities, and 
incorporated a separate resonance term in the expression for para 
reactivities. This treatment resirlred in a further scalc of resonance 
substiiuent constarits but sufficient data are nor available to test the 
general validity of the approach, although excellent correlations were 
obtained in some cases. 

I t  is of course inevitable that the introduction of a further disposable 
parameter in equation (1) should improve the ccr<el&ion of substituent 
effects in related reactions, but some pessimism must be expressed 
about the possibility of obtaining precise results when polarizable 
substituents are considered. Even equation ( 6 )  which contains four 

log ( k X / k H )  = p'o' + p"o" 

disposable parameters, and corresponds to the operation of two com- 
pletely independent interaction mechanisms 51 with the ratio p'lp'' 
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remaining constant, does not give internally consistent results for the 
S,l hydrolysis of the three highly similar reaction series based on 1738. 

For this reason, and because of the uncertainty in the choice of the 
scale of substituent constar?ts, the subsequent discussion of the effects 
of alkoxy and phenoxy substituents on chemical reactions is not based 
solely on structure-reactivity relations. 

111. EQULhlBRlA 

Changes in equi?.ibrium constants arising from the introduction of 
alkoxy and aryloxy groups are discussed below in terms of the altera- 
tions in the stabilities of the initial and final states caused by these 
substituents. The overall polar effect resulting from the two opposing 
electron displacements (-I and + T )  is often small biit its direction 
can be established, if necessary, by the use of unambiguously electron- 
attracting or -releasing groups (e.g. nitro and methyl). This supporting 
evidence has usually been omitted for reasons of space. 

A. ionization Constants of Carboxylic Acids and their Derivatives 
No direct conjugation is possible between a substituent and the 

carboxylate group in acetic acid and its derivatives. Changes in the 
acid dissociation constant can therefore only arise from the operation 
of the inductive eflect, or from the inductive transmission of conjuga- 
tive electron displacements in other parts of the molecule. Since 18 
repels electrons more strongly than 10, electron-attracting substitvents 

0 0 
B 

-C 
// 
\ 

-C 

0- . ‘OH 
(18) (19) 

should stabilize 18 more than 19; they should therefore increase the 
dissociation constant (X), and vice versa. 

Table 3 shows the effect of alkoxy and phenoxy groups on the ioniza- 
tion constants ( K x / K x )  of some carboxylic acids in which no direct con- 
jugation can occur. I t  can be seen that a phenoxy group increases the 
strength of acetic acid more than an ethoxy group, as expected from 
the differences in the -1 effects (see section II.A.3); other alkoxy 
groups, which are not shown, have similar effects to the ethoxy group. 
In  compounds 20-23 the 0- and P-methoxy groups act as overall 

4 + C.E.L. 
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TABLE 3. Values of the ratio K x / K H  for carboxylic acids and their derivatives in 
aqueous solutiona. 

Carboxylic acid Substitucnt (X) Ref. 
~~ 

EtO PhO 

XCHzCOzH 12.7 38.6 52 

o-Me0 )+Me0 p-Me0 

XCaH4CH2C02H (20) - - 0.89 53 
XCeH4CH2CHZCOzH (21) 0.72 1.01 0-93 53 

XCeH4NHCHzC02H (23) - 1 a02 0-78 54 
XCGH4OCHzCOZH (22) 0.87 1-07 0.9 1 52 

a The figures refer to the equilibrium RC02H $ RC02- + H+ . 
electron-releasing groups but the m-methoxy group shows electron 
attraction. This kind of behaviour is fairly general even when the sub- 
s thents  are not directly conjugated with the reaction centre, and has 
already been discussed (section 1.B) ; in any case the effects are ob- 
viouskj small. The conjugative effect will be relayed to the carboxylate 
group in 20 and 21, but such a relay to the oxygen atom of phenoxy- 
acetic acid (22) or to the nitrogen atom in the phenylamino derivative 
(23) would be sufficient to modify the electron attraction of the 
phenoxy or phenylamino group in the observed direction. 

It is noteworthy that the introduction of an o-methoxy group de- 
creases acid strengths a little more than the introduction of af-methoxy 
group. This codd arise from the fact that 24 makes a greater contribu- 
tion to the structure of the anisyl residue than 25, but the opposite 

conclusion has already been proposed in connection with electrophilic 
aromatic substitution (see section VI.B.l) and a solvation effect could 
equally well be responsible (see section 1II.C). A similar result is 
observed for o- and p-methyl groups in 2252, but not in 2153. The 
ratio .iY:</KIT has the same value for f-methoxy and p-methyl groups in 
22 and 23, suggesting approximately the same overall electron release 
by both groups. 
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B. Oxygen and Nitrogen Bases 
The efFect of niethoxy substituents on the dissociation constants 

(Kx /KH)  of phenol and the conjugate acids of some nitrogen bases is 
shown in Table 4. Electron release towards the reaction centre of the 
amines and anilincs stabilizes the acid (26) more than the base (27), 

/ 

\ \ 
-N 

+/  

(26) (27) 

-N- 

and should therefore give a decrease in K .  Similar considerations apply 
to phenol, although it would be more correct to consider that here the 
result is a consequence of the greater destabilization of the base rela- 
tive to the acid. Since ap-methoxy group generally acts as an overall 
donor of electrons its introduction should decrease K and the electron- 
attracting m-methoxy group should increase K .  

TABLE 4. Values of the ratio K x / K H  fof phenol and conjugate acids of iiitrogen 
bases. 

Acid 

Substituent (X) 

o-Me0 m-McO p - M e 0  Ref. 

1.00 2.19 0.60 52 
1.35 2-63 0.2 1 53 

0.112 53 0-052 
1-51 0.73 53 0.42 

- 2-93 0.19 54 XCsH4NHz+ CHZCOZH (32) 

XCSHdNH + (33) 132 1 -86 0-051 55 

XC6H40H (25) 
XC6H4hTH3+ (29P 
XC6H4NMc2H + (30) 
XCBH4CHzNH3 + (31) 

XCEHaNHz+ CHzCOzH (32)' - 2-51 0.15 54 

- 

a The  values for the ethosy substitucnt arc very similar to thosc for the mcthoxy substitucnt. 
For - NH2'CH2C0zH + - NH2+ CH~COZ- .  
For --NH2+CH2C02H + -h'HCHzC02H + H + .  

These predictions are fully confirmed by the figures in Table 4". 
The acid-weakening elTect of the p-methoxy group is least in benzyl- 
amine (31) where the substituent is furthest removed from the reaction 
centre, and greatcst in pyridine (33) where direct conjugation can be 

'g The equilibria involving phenylaminoacetic acid (32) can be expectcd to be 
controlled by the changes in the electron density of the nitrogen atom which is 
closer to the substitucnt than the carboxylate group. 
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expected to provide additional stabilization of the acid by a contribu- 
tion from structure 84. Conjugation in this compound may also account 

M e 0  + F N - H  
\=/ 
(34) 

for the fact that the ratio K,/K,, for the rn-methoxy group is less than 
might have been expected from the proximity of this group to thc re- 
action centre. Thus, the suggested contribution 55 from structure 35 

would presumably stabilize the acid by electrostatic interaction of the 
positive and negative charges. Similarly, the analogue of 35 has aiso 
been proposed to account for the acid-weakening effect of 6-alkoxy 
substituents in 4-chloroquinolines 56a (36) where the acid strengthen- 

$' 

I 

ing expected from the operation of the - I effect is apparently less than 
in m-methoxypyridinc, probably because of the greater distance 
between the substituent and the reaction centre. 

The values of the ratio K x / K ,  for the o-methoxy substituent are less 
easily explained. The small effect of the substituent in phenol (28) and 
aniline (29) could arise from a virtual cancellation of the opposing 
- I  and + T electron displacements's, and electrostatic interaction 

* The consequences of a - I  effect can be expected to be more marked for 
orfho than for p ~ r a  substituents. 
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between the charges in structures 37 and 38 would also tend to increase 

+OMe do- OljL - \ 

(37) (39) 

K .  However, this interpretation is not supported by the figures for di-. 
methylanilinc (30) and benzylamine (31) where -N +Kp-OMe, 
and it is difficult to see why + T electron release should be much more 
important in these compounds than in 28 and 29. Hydrogen bonding 
between the methoxy group and N-H or C-H has been postulated 
on a number of previous occasions to account for abnormal acidities 20. 

The six-membered cyclic hydrogen-bonded structures 39 and 40 could 

(39) (40) 

well stabilize the acid forms of 30 and 31, but an explanation of the 
results in these terms requires the further assumption of a much smaller 
stabilization of the conjugate bases by similar interactions. No reason 
can be advanced for the high acidity of o-methoxwyridine (33). 

C. Ionization Constants of Conjugated Acids 
Direct conjugation effects are likely to operate in the ionization of 

substituted benzoic acids. Structure 41 will make some contribution to 
the stability of the acid but this contribution will probably not be large 
since the molecule contains a hydroxyl group which can release 

(41) (42) 

electrons more efficiently by the + T effect than the alkoxy group, and 
which is also nearer to the electron-demanding centre. As a result the 
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valence-bond form 42* can be expected to have a smailer energy than 
structure 41 and should thercfore be of greater importance in the 
neutral acid. Coiijzgation with the substituent, as in 43, is unlikeiy to 
have any significant effect on the stability of the carboxylate iorz in 
view of the much lower energies of the two equivalent structures corre- 
sponding to 44. As a result, p-alkoxy and #-inethoxy groups should 

(43) (44) 

stabilize the acid relative to the base and hence reduce K, but it is un- 
likely that this effect will be large. Acid strengthening arising from the 
inductive electron attraction (-I) is swamped even in insulated 
systems, and can therefore be neglected. 

An increase in K should, however, occur on introducing the groups 
in the meta position since there is now no direct conjugation, and the 
ortho substituents will tend to turn the carboxylate group out of the 
plane of the ring, reducing the possibility of resonance. As the -I 
effect will remain unaltered o-alkoxy and o-phenoxy groups could 
easily strengthen the acid and it could even be envisaged that the loss 
of coplanarity in the derivative is sufficiently serious to prevent any 
stabilization of the acid by a contribution from structure 41a; this 
would result in a further enhancement of the acidity. 

Considerations similar to those advanced when discussing the 
benzoic acids (45) should a130 apply to the cinnamic acids (46), and 
Table 5 shows that both sets of methoxy derivatives behave in the ex- 
pected manner. The effect of the same substitution on K is always less 
in 46 than in 45, probably because of the less-crowded situation near 

* A contribution from structure 42 has already been proposedsBb to account 
for the resonance energy of the carboxylic group (approximately 24 kcal.*). 
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TABLE 5. Values of the ratio KXlKk for con.jugatcd carboxylic acids in water. 

103 

Acid 

Subs tituen t XCoH,COzH53 (45) trans-XCo€I,CH=CHC02HG3 (46) 
~ ~ ~~~~~ ~ 

o-Me0 1.285 
nz-McO 1.303 
P-McO 0.539O 
0-PhO 4.736 
Pn-PhO 1.786 
p-PhO 0.478 

0.945 
l.! 53 
0.792 
- 

a Data for otlicrp-alltoxy dcrivativcs arc available’”; they show little diffcrcncc from the mcthoxy 
dcrivativcs. 

the site of substitution (ortho derivatives) and the greater distance re- 
quired for the relay of the electron displacements initiated by the sub- 
stituent. It is noteworthy that this damping of the transmission of polar 
effects also appears to apply to the conjugative electron release which is 
piirr arily responsible for the acid weakening cz-ised by the p-methoxy 
group (see also section IV.C.2). 

Comparison of methoxy and phenoxy substituents in 45 reveals the 
expected difference in the steric inhibition of resonance by ortho groups 
of different sizes and the greater - I  effect of phenoxy groups (meta 
derivatives). However, the strengths of the para-substituted acids 
suggest that the phenoxy group acts as a slightly better electron donor 
than the methoxy group, contrary to expectation (section I) and most 
of the other available evidence. A more recent examinationz9 of the 
acidities of 45 does not alter this observation which is also reflected in 
the o values of the two groups, and it may well be that the apparent 
discrepancy arises from solvation effects. These are discussed briefly in 
the succeeding paragraph. 

TABLE 6. Values of thc ratio K,/K,, for benzoic acids in various solvents. 

Substituent 

Solvent O-Me0 m-Me0 pMeO Ref. 

Water 1.285 1 -303 0.539 53 
25% aq. ethanol 0.9 12 1.253 0.506 53 
10% aq. acetone 0.877 1.390 0.438 57 
25% aq. acetone 0.942 1 a466 0.62 1 57 
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Values of the ratio KX/E(, for the ionization of methoxybenzoic 
acids in a number of slightly different solvents are given in Table 6. It 
is difficult to rationalize these observations when some solvent changes 
alter the ratio K x / K ,  for all three substituents in the same direction 
while others do not. Solvation effects of this type are generally accepted 
as a disturbing feature affecting the quantitative discussion of sub- 
stituent effects, and it must be stressed that they are not taken into 
account in linear free-energy relations (equation 1) or in the more 
qualitative approach based on the consideration of inductive and con- 
jugative effects. 

Several workers have discussed the simultaneous effect of several 
substituents (X, Y, . . .) in terms of the additivity principle (equa- 
tion 7), which assumes that the alteration in the standard free-energy 

(7) 

change (AF,,, . . . - AF,) is an additive property of the individual 
substituents. The application of this principle has been shown to be 
valid for the ionization of 3,4-dimethoxy- and 3,4,5-trimethoxybenzoic 
acid58*59, and also for benzoic acids containing one niethoxy group 
and other substituents; equation (7) 58 was only invalid for derivatives 
containing 2,3- and 2,6-substituents. Further discussion ofthe additivity 
principle will be found in section VI. 

A&, . . . - AF, = (dFx - AF,) + (AF, - A&) + . . . 

D. Positively CAarFed Acids 

Stewart and his coworkers have determined the effect of many sub- 
stituents on the strengths of the conjugate acids of benzaldehyde (4?), 
acetophenone (48), benzoic acid (45), and benzamide (49) 2 6 . 6 0 ;  their 
results for methoxy and nitro substituents are shown in Table 7. The 
strongly electron-demanding reaction centre in the acids derived from 

TABLE 7. Values of log (KxfhF15) for the ionization of positivcly 
charged conjugate acids of some basesZ6m6O. 

Substituent 

Base m - M e 0  fi-MeO @-KO, 

XCeH4CHO (47) - - 1 *56 + 1.35 
XCeH4COCH3 (48) + 0.55 - 1.34 + 1-80 
XCSH4C02H (45) + 0.19 - 0.58 + 0.73 
XCeH4CONH2 (49) - - 0.36 + 1.07 
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47 and 48 ensures a significant stabilization by + T substituents via 
structure 50, but this will be obscured to some extent by a similar 
though smaller stabilization of the bases via structure 51. The values of 

n 6 e c < -  nh=(===+<H - H (or CH3) - H (or CH3) 

(50) (W 
the ratio Kx/KII  for these two compounds correlated well with a+ for 
most substituents, as expected when direct conjugation can occur; 
a similar correlation for 45 was taken to indicate a symmetrical 
protonated form (52) rather than 53. Conversely, the results for 

OH 
+/  

Ph-C 

'OH 

0 
/ 

Ph-C 
\+ 

(53) 
OH2 

benzamide (49) gave better agreement with a, and it was therefore 
concluded that both protons in the acid were associated with the 
nitrogen atom since then direct conjugation with the substituent is not 
possible. 

Thestabilization of the acid forms of 47 and 48 by ap-methoxy group 
was, however, less than would have been predicted from the o+ plot 
through all the substituents studied. Attractive interactions between 
the oxygen atom and the solvent were therefore pcstulated26, but the 
absence of a similar effect in 49 was not consistent with this explana- 
tion60a. The results can, howcvcr, be interpreted in more qualitative 
terms by permitting a variable capacity for + Telectron release by the 
alkoxy group in a fully conjugated system. Such a variation is readily 
indicated by comparing the value of log (K,/K,) for the fi-methoxy 
substituent with that for the p-nitro substituent which shows virtually 
no response to an increase in electron demand. 

One of the interesting features of these systems is the relatively small 
stabilization (less than four-fold in 45) of a positively charged centre by 
a methoxy group which is conjugated to it. This is not an isolated ex- 
ample and the general phenomenon has already attracted comment 23. 

E. Miscellaneous Equilibria 

the effect of alkoxy groups on equilibrium. constants. 
Two examplcs will suffice to illustrate further the wide variations in 

4" 
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Baker's values l1 for the methoxy substituent in the cyanohydrin 
equilibrium of substituted benzaldehydes are given below. Substituents 
capable of + T electron release will stabilize the aldehyde (47) by 
direct conjugation with the carbonyl oxygen atom, as in 50, and the 
cyanohydrin (54) is stabilized by electron-attracting groups. 

OH 
/ 
\ 

XC,H,CH XCGHICHO + HCN 

CN 
(54) (47) 

KXl& 0.97 9-75 
X nz-Me0 p-Me0 

The smaU effect of the rn-methoxy group on K,  and comparison with 
the effects of m-methylthio and m-methylseleno groups, led to the con- 
clusion that some of the + T electron release of the methoxy group 
could be transmitted to a reaction site by a second-order effect when 
the substituent was in the meta positionll. Comparison with other 
substituents6' showed that this system does not follow the requirements 
of linear free-energy relations, but that K increases with increasing 
electron attracuon and with increasing electron release from its mini- 
mum a t  the m-bromo compound. 

The effect of the methoxy group on the equilibrium between aryl- 
methyl carbinols (ROH) and their carboaium ions (R+) in strongly 
acid solutions62 are given in Table 8. The substituents should stabilize 

TABLE 8.  Values of log ( K x / K H )  for 
Ii0E-I f H+ + R+ + H,O62. 

R in ROH 
~~ 

Substitucnts Ar,C h,CH 

4-Me0 3-20 5.4 
4,4'-(Me0), 5-39 7.5 
4,4',4"-(MeO)3 7.45 - 

R + significantly via structures such as 55, and should have virtually no 
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effect on the stability of the carbinol where no appreciable electron de- 
mand exists at  the reaction centre. The large values of K J K ,  fully 
confirm these predictions. 

The successive introduction of 4-metlioxy groups results in succes- 
sively smaller increases in the value of log (KX/rC,) and the stabilizing 
effect is clearly greater when R = Ar,CH than when R .- Ar,C, 
probably because stabilization by a larger number of structures such as 
56 and 57 rcduces the stabilization resulting from 54. These oh-wa- 

tions parallel the results for the rates of ionization of arylmethyl halides 
in quite different solvents (see section IV.C.2). The large stabilization 
of the positively charged reaction centre in the present systems is in 
contrast to the very much smaller stabilization of such a centre in the 
ionization of protonated benzoic acid in a similar solvent. Resoiiance 
stabilization of the neutral species is likely to be small in both systems 
and no explanation of this difTerence has yet been proposed. 

IV. N WCLEOPHlLlC ALIPHATIC SUBSTITWVIQN 

I t  is generally accepted that nucleophilic substitution at a saturated 
carbon atom can occur by one of two general m e ~ h a n i s r n s ~ ~ - ~ ~ .  

A. The Unimoleculm Mechanism (!&I) 

The unimolecular process (&1) in its simplest form involves only the 
heterolysis of the bond linking the departing group (A) to the sub- 
strate in the rate-determining step with no participation by the nucleo- 
phile (B), as shown in 58; the product is formed by the subsequent 

-C ‘P A 
/ 

rapid reaction of the resulting carbonium ion with B. The rate-deter- 
mining heterolysis is unambiguously favoured by electron release 
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towards the central carbon atom, and alkoxy and phenoxy substituents 
should therefore substantially accelerate the process if the structure 
of the system permits direct conjugation with the electron-deficient 
reaction centre. This conclusion is unaltered by the recognition of the 

that reactions of this type often proceed via intermediate ion 
pairs which may undergo further rapid reactions. 

The nature of the nucleophilc is immaterial in reaction by this 
general mechanism, and all the examples have therefore been drawn 
from the field of solvolytic reactions (see section 1V.C) which have 
been widely studied and which show many interesting features. 

BimOkcdaf Reactions (sN2) 
Covalent participation by the nuclcophile (E) in the rate-determin- 

ing step is an'essential feature of reaction by the alternative bimolecular 
mechanism (SN2). Bond fission and bond formation occur simul- 
taneously as shown in 59, and the polar requirements of the transition 

state are now ambiguous since electron donation by substituents to the 
reaction centre will favour the heterolysis of the C-A linkage but  will, 
at the same time, hinder the formation of the new bond with B63. 

A discussion of the effect of electron displacements on the rates of 
these reactions involves the relative importance of the bond-breaking 
and bond-forming processes in the transition state which can be re- 
garded 68 as the resonance hybrid of structures 60-62. The reaction 
must be considered bimolecular as long as the contribution of structure 
SP is not negligibly small, but it will be recognized that an electron- 

\ B J-A 
/ B+-C\( A- B '& A- 

1 

releasing substituent may strongly accelerate the reaction (as in S,,l 
reactions) by stabilizing a transition state in which structure 62 make: 
a large contribution (bond-breaking predominant), while it will accele- 
rate less and may even retard the reaction if structure 61 is the main 
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contributor (bond-making predominant) ; this could apply particu- 
larly when the nucleophile (3) carrics a negative charge. A wide range 
of kinetic efFects can therefore be expected in bimolecular reactions on 
the introduction of alkoxy and phenoxy groups even when these 
groups can stabilize 62 by direct conjugation. 

1. Variations in the nucleophiie 

For a given substrate i t  seems reasonable to assume that bond for- 
mation (i.e. structure 61) becomes progressively more important as the 
nucleophilic power of B increases. This behaviour is shown in the bi- 
molecular reactions of f-methoxy- and p-phenoxybcnzyl chloride -with 
anions in aqueous acetone (see Table 9) 69. The p-methoxy group is a 

TABLE 9. Reactions of I- 
methoxy- and p-phenoxy- 
benzyl chloride with anions 

in aqueous acetone60. 

Anion kh*eOlkPhO 

N03- 1 3 9 O  
PhS03 - 125 
c1- 87 
F- 86 
Br- 15.5 
rJ3 - 4.9 

a The larger vaiucs arc subject to 
an error of approsimatcly f 10% ; 
the smaller values arc more 
accurate. 

better electron donor by the + Z7 efFect than the p-phenoxy group and 
the decrease of kMeO/kPhO on passing down Table 9 is consistent with a 
diminishing electron demand at  the reaction centre; i.e. an increasing 
importance of 61. Alternatively, the results could merely be held to in- 
dicate a decrease in the reaction constant p with increasing nucleo- 
philic strength. 

2. Variations in substrate structure 

It must be stressed that the methoxy and phenoxy derivatives need 
not necessarily react with the same anion by precisely the same me- 
chanism, and there is indeed much evidence to support the view that 
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the structure of SN2 transition states can be radically altered by the 
introduction of substituents. Thus, the attack of nucleophiles cn benzyl 
and /?-phenylethyl halides is usually accelerated by p-methoxy and 
p-nitro groups (see Table lo), which is consistent with transition states 

TABLE 10. The effect of&-methoxy and p-nitro substituents on reactions of 
organic halides. 

PhCH,Br + MeO- (63) 17.40 2.57 28b 
4.56 6.94 28 
4-42 11.30 28a PhCH,Br + MeOC6H4S- (63) 
3-07 0.98 70 
6-16 11.24 27 
1-41 5.12 71 

PhCH2Br + PhS- (64) 

PhCHzCl + Me3N (66) 
PhCHzBr + Br- (67) 
PhCHzCH2Cl + I -  (68) 

in which the importance of bond formation is appreciably increased by 
the p-nitro group (stabilization of 61) while p-methoxy results in a 
much greater significance of the bond-breaking process (stabilization 
by 62). 

The accelerations caused by the p-methoxy group in the reactions of 
benzyl halides with relatively strong nucleophilcs (reactions 63-67) 
are very much less than in solvolysis (see section IV.C.2), and a little 
largcr than in rcaction (68) where thesubstituent is at a greater distance 
from the reaction centre and insulated with respect to direct conjuga- 
tion. Changes in the electron density at  the site of reaction should 
therefore be less when a p-methoxy group is introduced into /?-phenyl- 
ethyl chloride than into a benzyl halide; this could be held to account 
for thc smaller value of kMeO/kR. Such a hypothesis is, however, not 
entirely supported by the values of kNO2/kH and appears to be contra- 
dicted by the observation that the rates of reactions of primary alkyl 
halides with iodide ions can be altered between three- and nine-fold on 
the introduction of w-alkoxy or w-phenoxy groups 72. In these systems 
changes in the electron density at the reaction centre arising from sub- 
stitution can only occur by transmission of the inductive effect through 
a saturated chain, and should therefore be small. Neighbouring-soup 
participation (see section IV.D.1) is very unlikely, and these anomalies 
probably arise, at  least partly, from a comparison of reactions with 
different nucleophiles in different solvents when relatively minor 
changes may well be reflected to a disproportionate extent in the small 
values of kMc,,/kH. 
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The introduction of a p-methoxy Sroup in the thiophenolate ion 
accelerates the reaction with benzyl halides 28a as electron-releasing 
substituents will increase the nucleophilic power of an anion. The 
effect of changes in the strength of the nucleophile on kMeo/k, is shown 
more strikingly by a coniparison of reactions 63 and 64 (see Table’10) ; 
the results refer to the same solvent and complernent those given in 
Table 9 since PliS- is a much stronger nucleophile than MeO-. 
Although the value of kMeO/kX is usually not large for s N 2  reactions in- 
volving reasonably efficient nucleophiles, it has been estimated that the 
bimolecular reaction between EtO - and inethyl chloride is accelerated 
by at least a factor of lo5 on the: introduction of a methoxy group into 
the chlorideT3. This lias been explained in terms of a substantial con- 
tribution to the transition state by the relatively stable structure 69 (a 
particularly stable form of 62) ; no siniilar structure of corresponding 
importance can be written for methyl chloride. 

EtO- MeO+ CI- 
II 
CHa 

(69) 

C. Solvolytic Reactions 

The media employed in studies of solvolysis are always very much 
weaker nucleophiles than the reagents discussed in section IV.B, and 
the rates should therefore bc more sensitive to the introduction of a 
methoxy group. This conclusion is, however, only strictly relevant to 
very few reactions since methoxy derivatives invariably undergo 
solvolysis by an S N l  mechanism when the substituent is conjugated to 
the reaction centre. They should therefore show much larger rates than 
the parent compounds irrespective of any considerations of the nucleo- 
philic strength of the solvent. Benzyl toluene-p-sulphonate, -chloride, 
and -bromide react a t  least partly by an SN2 mechanism in aqueous 
solvents 16* 74 and in formic acid 75 ; the same mechanism can therefore 
be expected to operate in the solvolysis of their nz-methoxy derivatives. 
Although many different departing groups (A) have been studied 
(e.g. C1, Br, TsO”, p-No,c,H,Co,), there are reasonsT6 to believe 
that the nature of A has very little effect, if any, on the acceleration of 
SNl reactions resulting from the introduction of a methoxy group. This 
greatly simplifies the discussion of the available information. 

* TsO = toluene-p-sulphonate. 
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1. Alkyl systems 

The introduction of' 1-alkoxy substitilents in n-alkyl halides can be 
expected to cause an enormous acceleration of solvolysis by mechan- 
ism S,l since structure 70 should make a substantiai contribution to 

+ 
R'O=CHp 

(70) 

the transition state. No such acceleration should, however, be observed 
if the alkoxy group is placed at a position further removed from the re- 
action centre as no conjugation can occur and the substituent can only 
affect the rate by the highly inefficient transmission of its - I  effect*. 
The results in Table 11 fully confirm these predictions, especially since 
methyl chloiide (71) and 2-methoxy-ethyl chloride (73) will undergo 
SN2 solvolysis so that k (rel.) for the other compounds undercstimates 
the relative rates for reaction by mechanism S,l. 

TABLE 11. Rclative rates for the 
solvolysis of XCH2C173* 77. 

Substituent (X) X- (rel.) 

1 
1013 

H (71) 
M e 0  (72)  
MeOCH, (73) 1 
EtO (74) 3 x 1013 

CHzClO (76) 109 
EtOCH,O(l, (75) 3 x 10" 

The effects shown in Table 11 parallel those in the chlorination of 
e t h ~ r s ~ ~  but they are larger in the present systems where the substi-tuent 
is closer to the site of reaction. As a result, a significant difference is 
found between methoxy- (72) and ethoxymethyl chloride (74) , which 
is consistent with a greater capacity for electron release towards 
oxygen atom in 74. Similarly, compmnds 75 and 76 reflect the in- 
fluence of inductive electron attraction (by ethoxy and chloro groups) 
on the + T electron release of 0(1), these effects being again greater 
than in other systems. 

Further evidence of the huge acceleration on introducing an alkoxy 
*: The 4- and 5-substituents can, however, accelerate solvolysis by neighbour- 

ing-group participation (see-scction 1V.D. 1). 
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group at  the reaction centre is provided by the acid-catalyzed hydroly- 
sis of diethyl acetal (77) which occurs approximately 10l1 timcs more 

Me Me 
/ 

EtO-CH 
/ 

EtO-CH 
\ 

OEt 'H 

(77) (78) 

rapidly than the corresponding reaction of diethyl ether (78), probably 
via the rate-determining unimolecular hcterolysis of the conjugate 
acid (78b) 79. 

EtO-CHMe Q P+ OHEt _3 Et&=CHMr f EtOH 

2. Aikylaryl systems 

The kinetic effect of methoxy and phenoxy groups on the solvolysis 
of arylmethyl compounds has often been studied. Some of the ava.il- 
able results are given in Table 12 and show all the features expected 

TABLE 12. Relative ratcs (log ,&/AH) for thc hydrolysis of aralkyl systems. 

Substituent 

Parent compound Conditions p-PhO p-Me0 m-MeOa 

PhCH2CI 
Ph CH2 OTs 
PhCH,Br 
PhCHBr=CH, 

PhChlezC1 

PhCHC1CsH40hlc 
?h3CCI 

PhCHClCrjH4NOz 

PhzCHCl 

(79a), 70% aq. acetone, 0" 
(80) ,  85% aq. acetone, 0" 
(81), foimic acid, 80.17" 
(82), 80% aq. ethanol, 0" 
(84a), 85% aq. acetone, Go 
(83), 90% aq. acetone, 25" 
(84b), 85% aq. acetone, 0" 
(84c), 85% aq. acetone, 0" 
(85) ,  60% ethanolic ether, 25" 

4*40eo 
5*0482 
5.7275 
5-28'" 
5*7238 
3.5339 
4-5938 
2 0 4 0 ~ ~  
1.9585 

-0.18'' 
- 0.2283 

,I The reaction conditions for the vi-mcthoxy compounds arc not always those stated for thefiuru 
compounds. 

for a system in which a -I, + T substituent can conjugate with an 
electron-demanding reaction centre. Thus, the p-methoxy group in- 
creases the rrte by factors of between lo2 and 5 x lo5, thep-phenoxy 
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group shows a smaller though still very appreciable acceleration, and 
the m-methoxy group retards solvolysis by approximately 30%. The 
introduction of the o-methoxy group into benzyl chloride (79a) also 
cnhances the rate (approsimately 100-fold) 01, but the effect is much 
less than for ap-methoxy group, consistent with the assumption of some 
steric inhibition of resonance jn the ortho compound. No direct con- 
jugation with the reaction centre can occur in F-phenylethyl ch1oridL 
and it is the-efore not surprising that thc p-methoxy group now only 
accelerates SL*- 71ysis three-fold Other 8-phcnylethyl systcxns are 
discussed in sect .. n 1V.D under neighbouring-group effects. 

The results in Table 12 for the benzyl systems (79a-81) under- 
estimate the effect of the substituents on reaction by mechanism S,l 
since the parent compounds undergo partly SN2 solvolysis. In  the other 
compounds listed the sensitivity of the S,l rate to the introduction of 
a p-methoxy or p-phenoxy group follows the sequence: 82,84a > 
83*,84b > 84c,S5. This also represents the converse of the order in 
which the transition states in the reactions of the parent compounds 
can be stabilized by resonance. This effect has already been discussed 
in connection with equilibrium studies on arylmethyl cations (see 
section 1II.E) and also accmnts for the results in Table 13 where 

TABLE 13. The effect of increased conjugation on the acceleration 
of solvolysis by a p-methoxy substituent. 

acceleration by a methoxy group can be seen to become progressively 
less as the conjugated system is lengthened, thus providing an 

* The discrepancy between the rcsults for 83 and 84b (sce Table 12) arises 
partly from the fact that the two reactions were studied a t  different tempera- 
tures. Moreover, the)-mcthoxy derivative of 83 was studicd in a solvent different 
from that employed for the parent compound and the method of interpolation 
adopted39 may have caused some error. It is noteworthy, in this connection, that 
relative rates (k,/k,) are generally insensitive to changes in the nature and com- 
position of hydroxylic solventss6. 
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explanation of the damping of the transmission of + T electron release 
through conjugated carbon chains. 

The striking decrease of kMeO/kH on passing from phenyl to diphenyl 
systems (see 'Tablc 13) has also been observed in electrophilic aromatic 
snbstitution (see section VI) and has often attracted comment in con- 
nection with other reactions. While it has been suggested that the lack 
of coplanarity between the two benzcne rings in diphenyl prevents 
efficiep t resonance 87,  recent results show that any non-coplanarity in 
this system does not seriously alter the transmission of ccnjugative 
effectsQQ. Some of this evidence is considered in section VI.B.2. 

A substantial resonance stabilization of the transition state in the re- 
action of the parent compound could also be responsible for the rela- 
tively small effect of methoxy substituents on the rate of SNl hydrolysis 
of 9-chloro-9-phenylfluorene (86) where, in effect, three phenyl groups 
are attached to the reaction centre. The results 89 show thzt the similar 
accelerations causcd by 3-methcxy in the fluoreiie system and by p- 
inethoxy in the phenyl ring of 86 do not differ greatly from that ob- 
served in the solvolysis of triphenylinethyl chloride (Table 12) ; the 
introduction of 2- or nz-methoxy groups retards the reaction : 

3-Me0 p-McO 2-Me0 m-Me0 c - ';L-n"' 

kh*,OlkkI 100 150 0.56 0.82 

This clear demonstration of the analogy- between the 2- and 3-positions 
in fluorene and the meta and para positions in phenylmethyl compounds 
also shows that any electron displacements of the type shown in 87 do 
not significantly stabilize the transition state in the solvolysis of the 
2-mcthoxy derivative of 86 * 9. 

(86) (87) 

Variations in the structure of the alkoxy substituent have a small 
but noticeable effect on the rate of solvolysis of P-XC6H4CH2C1 ' O :  

x M e 0  EtO i-Pro t-BuO 
k(re1.) 1.00 1 -60 2.79 0.70 
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Thc reactivity scquence M e 0  < EtO < i-Pro is consistent with the 
order of clectron release by the alkyl groilps tcv;.:.rdc the oxygen atom, 
and the relativcly low rate for the t-butoxy derivative was considered 
to arise from a steric effect. The extinction coefficients parallel the 
observed rates. 

I t  would have becn cxpected that the solvolysis of p- 
MeOC6H,CH,C1 (79a) is retarded by the introduction of a m-methoxy 
group which should withdraw electrons from the reaction centre, but 
the 3,4-dimethoxy compound reacts three times more rapidly than 79a 
under the same conditionsg0. Smith has suggestedg1 an explanation of 
this observation in ternis of the stabilization of structure 88 by electro- 

static interaction between the unshared electrons of the 3-methoxy 
group and the positive charge on the 4-methoxy group; structure 88 
contributes to the transition state of S,l solvolysis, but not to the 
initial state. 

The intrcduction of other substituents in p-MeOC,H,CHzCl(79a) 
may disturb coplaxarity between oxygen and the benzene ring, and 
should therefore reduce the accelerating effect of the fi-methoxy group 
in solvolysis. This is strikingly demonstrated by two examples 92 shown 
in Table 14. 

An electron-releasing methyl group in the 3-position (89) increases 
the rate of solvolysis of 79a, probably by a second-order effect which 
may well be large enough to obscure the consequences of a slight 
change in the position of the methoxy group resulting from steric 
effects. There can, however, be no doubt that a further methyl group 
adjacent to the methoxy group (90) causes serious steric inhibition of 
resonance between the methoxy group and the reaction centre in the 
transition state. I t  is noteworthy that the deceleration of solvolysis of 
90, relative to 79a and 89, arises mainly from a decrease in the entropy 
of activation. This observation argues against the general validity of 
the view 93, proposed for ester hydrolysis, that steric hindrance to 
solvation in the transition state is an important factor in the retarding 
effect of the o-methoxy group (relative to the p-methoxv group) since 
the entropy should increase as solvation is reduced ”. 
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TABLE 1 4 .  Sleric cffects in the solvolysis of substitutcd 4-ROC,H4CH2Clo2. 

117 

c_ 

(*3) kMe 
CICH, CICH2 Me 

4.55 0.3 I 

(4 JQrC (79) 

ClCH2 
k(rel) 1.00 

2-34 0.06 

Alterations in rate resulting from ring closure involving the oxygen 
atom are shown in Table 14(b). The formation of the five-membered 
ring (91) actua1:y accelerates solvolysis relative to 89, probably by 
constraining the system into the optimum configuration for conjuga- 
tionso. 'Increases in the size of the ring (92 and 93) progressively force 
the oxygen further out of the plane of the aromatic nucleus, resulting 
in the expected decrease in rate which is particularly marked for 93. 
Similar trends have been observed for the brominationg2 of the ana- 
logous compounds 94 and 95, where substitution occurs mainly in the 

l-position, and for acid-catalyzed deuterium exchange of their [ 1-3H] 
derivatives 94. 
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D. Meighbouring-group Participation 
Apart from affecting rates of chemical reactions by the operation of 

polar and steric effects, substituents may also exert a stabilizing in- 
fluerice oli the transition state by Seccming ~;hc!!y cr nartia!!y bonded 
to the reaction centre. The resulting acceleration is said to arise from 
neighbouring-group participation, the substi tuent providing anchi- 
meric assistance to thc reaction. This type of behaviour is shown by 
alkoxy derivatives in nucleophilic aliphatic substitution and many ex- 
amples have been described, mainly by Winstein and his coworkers. 
Full details of the general phenomenon and of work involving the 
alkoxy group can be obtained from a recent review by Capong5; the 
present discussion only illustrates some of the available information. 

The simple example given below shows that neighbouring-group 
participation can be recognized by an unexpected acceleration on the 
introduction of a substituent (X) since the Syl solvolysis of the toluene- 
fi-sul-ihonate (96) now involvcs a contribution to the transition state 

r 

(96) (97) 

from structure 97. Moreover, the product (98) expected from the re- 
action of 96 may well be accompanied by 99 since the solvent can 

X 

I 1  
-!-c-x 

I I  
OH 

(98) (99) 

attack the intermediate carbonium ion, or ion pair, at the a- or 
#I-carbon atom if 97 makes a reasonably large contribution to the 
structure of this intermediate. 

The alkoxy group can either provide anchimeric assistance itself 
(alkoxy participation) or may modify the neighbouring-group effect of 
a phenyl substituent into which it is introduced (aryl participation). 
These two cases show different features and are therefore discussed 
separately, in sections 1V.D. 1 and IV.D.2. 

1. Alkoxy participation 
Alkoxy groups provide anchimeric assistance by permitting the co- 

ordination of the unshared electrons of the oxygen atom with an 
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electron-deficient reaction centre in the molecule, but this naturally 
requires that the distance between thc substituent and the site of re- 
action should not be too great. In saturated systems the neighbouring 
group participation appears to be confined to 2-, 4-, and 5-alkoxy 
groups which can form (or partly form) three-, five-, and six-membered 
cyclic oxoniuni ions, a:: indicated in structures 100-102; the effects are 

Me 

called alkoxy-3, alkoxy-5, and alkoxy-6 participation, respectively. 
Usually, but not invariably, the resulting acceleration is of a similar 
order to that arising from the polar effect of the p-methoxy group in 
the S,l solvolysis cf triphenylmethyl halides (see Table 12). 

The acetolysis of primary alkyl @-bromobenzenesulphonates (103) is 
usually retarded or, at best, accelerated by only 10-20% on the intro- 
duction of a w-methoxy group, as expected from the operation of the 
- I  effect. Table 15(a), however, shows that the 4-metho.uybuty1 and 
5-methoxypentyl compounds (104, n = 4 and 5) react very much 
more rapidly than the other members of the series, indicating the 
operation of anchimeric assistance in the two reactive compounds. 
Winstein and his coworkers have suggested 96 that the two rapid re- 
actions proceed through the cyclic oxonium ions 101 and 102, re- 
spectively, and the results show that methoxy-5 participation (101) is 
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TABLE 15. The  acetolysis of methoxy alkyl b-brornobenzenesul- 
phonates (ROBS) gG. 

ROBS k (rc:.) 

(a)O Me(CHz)30Bs (103a) 
MeO(CH,),OBs (104): n = 2 

I1 = 3 
11 = 4 
n = 5  
n = 6  

(b) hle(CH,),OBs (103) 
MeCH,CHMeOBs (105) 
McO(CH2)SCHMeOBs (106) 
MeOCHMe(CH,),OBs (107) 

1 -00 
0.28 
C.63 

65 7 
123 

1 .1G 

1 a 0 0  - 
140 1 .oo 

4140 29.6 
41 10 29.4 

~~~~~ 

A similar trcnd of rcactivitics has bccn obscmcd in c:hano!ysis and formolysis. 

energetically the more favourable process in these systems. There is no 
evidence for any methoxy-3 participation (100) since 104 (n = 2) 
actually reacts more slowly than 103. 

Secondary alkyl sulphonates (Table 15 (b)) only show a 30-fold in- 
crease in rate from methoxy-5 participation (compounds 106 and 105), 
much less than the 650-fold increase from the same cause in the pri- 
mary series (compounds 104, n = 4, and 103). This probably arises 
from the stabilization of the electron-deficient reaction centre in the 
transition state of the secondary compounds by the electron-releasing 
1-methyl substitueiit so that there is now less need for assistance from 
the methoxy group*; the stabilizing effect of the 1-methyl group is 
demonstrated by the 140-fold difference between the rates of 103a and 
105. I t  is also not!:worthy that 107 with a secondary methoxy group 
appears to be more favourable to mcthoxy-5 participation than 104 
(n =: 4) with a primary methoxy group; this is similar to the accelerat- 
ing effect of alkyl substituents in other ring-closure reactions 95. 

* In  valence-bond language the presence of the 1-methyl group stabilizes 
structure 108 in the transition states of 105 and 106 b y  inductive and hyper- 

Me-C+ 
/ 

\ 
(105)  

conjugative electron release so that the contribution of 101 to the transition state 
of 106 is less than its contribution to the transition state of 104 (71 = 4). 
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The hypothesis that a reaction involving methoxy-5 participation 
occurs via the cyclic oxonium ion (101) requires that 106 and 107 have 
the same intermediate in solvolysis and should therefore yield the same 
products; t I ~  is observed 9G. Similarly, methoxy-3 participation (100) 
is indicated f9r secondary methoxy compounds by the fact that 109, 
110, and 111 all form methoxyacctates of retained configuration in the 

Me 
I 

H-C-Br 
I 

Me 

H-C-Br 
I 
I 

MeO-C-H I H-$-oM~ 
I 
Me 

(109) 

I 
Br 

(111) 

reaction with silver acetate in acetic acid 97. Similarly, a tertiary 
methoxy group can provide considerable anchimeric assistance by 
methoxy-3 participation. Thus the acetolysis of112 is about 1500 times 

Me0 H 

Me-6- ' c :  -H 

Me ABs 
(112) 

more rapid than the rate calculated for the unassisted reaction, and the 
products of hydrolysis are also consistent with a substantial participa- 
tion by the neighbouring group 98. 

Assistance hy the methoxy group in cyclohexyl systems has been 
studied by Noyce and his co i~orke r s~~ .  The acctolysis of trans-3- 
methoxycyclohexyltoluene-p-sulphonate (113) occurs at the rate ex- 
pected in the absence of methoxy-4 pa.rticipation ; there can, of course, 

be no question of any such participation for the cis compound. How- 
ever, the trans-4-methoxy compound (114) reacts 5.6 times more 
rapidly than estimated for the reaction in the absence of assistance, 
clear indication of methoxy-5 participation. A thorough study of the 
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products formed in the reaction of the [1-3H] deiivative showed that 
solvolysis cannot occur entirely via the intermediate cyclic oxonium 
ion (115) though structure 115 clearly contributes to the transition 

Me 
I 

(W (115) 

state. This conclusion must cast some doubt on the validity of assuming 
a five-membered cyclic intermediate (101) in the reactions of the 
straight-chain compounds, but there is no reasmi why the two different 
systems should undergo solvolysis via precisely the same paths. Ob- 
viously, further work is needed on this problem. 

Evidence exists for the direct participation of the methoxy group 
attached to a benzene ring, as in 116. Unfortunately, the conclusions 
which can be drawn from rate measurements are complicated by the 
fact that methosy-(n + 4) participation (116) may occur side by side 
with aryl-(n + 2) participation (117) which will be aided by the 

presence of the o-methoxy group. Thus, although the solvolysis pro- 
ducts of 2-(o-methoxy phenyl)-2-methylpropyl toluene-p-sulphonate 
(118) show the occurrence ol' o-inethoxy-5 participation, no estimate 
can be made of the acceleration resulting from this assistance since the 
rate is only about one-tenth of that for the para isomer D6. loo. There is, 
however, no doubt about o-methoxy-6 participation in the 3-propyl 
system (119). Aryl participation was shown to be unimportant in 
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acetolysis and formolysis (from work on the p-methoxy compounds) 
and the acceleration provided by the o-methoxy group from anchi- 
meric assistance was found to be approximately 20-fold for 119 
(R = H), and greater for 119 (R = Me) 96. 

2. Aryl participation 

Phenyl groups have been shown to be capable of providing anchi- 
meric assistance on many occasions. Thus, the acetolysis of neophyl 
p-bromobenzenzsulphmate (120) proceeds about 80 times faster than 
that of the isobutyl compound lo,, clear evidence of aryl,,,-3 participa- 
tion from a contribution of structures such as 121 to the transition state. 

The introduction into the benzene ling of substituents which can 
release electrons towards the aryl(,, position should obviously assist 
aryl(,,-3 participation, and it has been found that the kinetic effect of 
such substituents correlates well with u+ ; p = - 2.96 lo,. The accel.era- 
tion resulting fromp-methoxy substituents is about 250-fold, similar to 
that resulting from direct conjugation with the reaction centre in the 
S,l ethanolysis of triphenylmethyl chloride (Table 12) though it must 
be stressed that any comparison ofthe two reactions is rendered difficult 
since they refer to entirely different solvents. 

As in alkoxy participation, the anchimeric assistacce is greatly re- 
duced when a secondary alkyl sulphonate is employed. Thus the re- 
placement of Ho, in 1-methylpropyl toluene-p-sulphonate (122) by a 

H(1) 
I 

MeCH-CHMe 

AT5 
(i22) 

fi-methoxyphenyl group accelerates acetolysis approximately 45- 
fold102, compared with the factor of 2 x lo4 for the same alteration of 
isobutyl toluene-p-sulphonate Io1. 
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The effcct of increasing the distance between the aromatic ring and 
the reaction centre on the accelerating effect of the inethoxy group in 
aryl(,, participation is illustrated in Table 16 for the acctolysis of some 

TABLE 16. The effect of methoxy substitution in the aromatic ring on the 
acetolysis of Ph(CH2),,0Bsloa. 

~~ 

H 4-Me0 2,4-(MeO)* 
~~ ~~ ~~ 

Ph(CH2j,0Bs (123): n .= 2 1 *oo 81 1590 
n = 3  1 .oo 1-07 3.6ga 
n = 4  1.00 1.31 4.32 
n = 5  1 -00 - 1 -05 

a The reaction involves o-methoxy-6 participation. 

w-phenylalkylp-bromobenzenesulphonates (123) lo3. I t  can be seen that 
the methosy group accelerates in the followifig order: n = 2 >> n = 4 > 
IZ = 3 - n = 5, suggesting that ary1[,,-3 participation occurs most 
readily, followed by aryl,,,-5 participation where the efFect is already 
small, and that aryl,,,-4 and aryl(,,-6 participation are not important. 

An interesting example of acceleration of' an electron-demanding 
reaction by the ~n-methoxy group occurs in the formolysis of 4-(3,5- 
dimethoxypheny1)butylp-bromobenzenesulphonate (124) which occurs 
about 6 times more rapidly than the reaction of thc 4-phenylbutyl 
compound lo*. These results have been attributed to assistance from 
the 2-position of the aromatic ring (aryl(,,-6 participation) which will 

result in a contribution from structures like 125 to the transition state; 
these structures will of course be stabilized by the 3- and 5-methoxy 
groups. The reaction products are consistent with this scheme. 
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V. REACTIONS AT T H E  CARBONYL GROUP 

Most studies of the effect of alkoxy groups on reactivity at carbonyl 
carbon atoms have involved the solvolysis of carboxylic esters. The 
results illustrate the general features of these reactions and are there- 
fore discussed in some detail, together with a few other examples. 

125 

A. The So/vo/ysis of Curboxylic Esters 
The solvolysis of a carboxylic ester (126) is usually catalyzed by bases 

and by hydrogen ions, and may either involve rupture of the R1-0 
0 

\ 
0-R1 

(126) 

linkage (alkyl-oxygen fission, AL) or ficsion of the C,,)-O bond (acyl- 
oxygen fission, AC) . Acyl-oxygen fission is the more common process, 
and both the acid- and base-catalyzed process often occur by bimole- 
cular mechanisms. 

The rate-determining step in base-catalyzed bimolecular hydrolysis 
by acyl-oxygen fission (B,,2) is illustrated below and it can be seen 
that the polar requirements of the activation process are ambiguous, as 
in SN2 reactions (see section 1II.B). Electron-releasing substituents in 

I 
R= 

I 
R2 

(127) 

R1 and R2 will facilitate electron accession to O,,, but will, at  the same 
time, tend to hinder bond formation with the hydroxide ion. However, 
such substituents in R2 may also stabilize the ester by a contribution 
from structure 125 if they are conjugated to the reaction centre, al- 
thocgh it seems very likely that this contribution will not be large since 
the energy of 128 will be considerably larger than that of structure 129 

0- 0- 
I 

I I  
R'O+= c R'O-C 

I 
Ra R2+ 

(128) (129) 
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which is of much greater importance in the ester (see also section 

I t  can therefore be concluded that the effects of polar substituents on 
the rate of BA,2 reactions will probably be small, that they will be 
greater for substitution in R2 than for substitution in R1, and that 
electron-releasing groups are likely to retard hydrolysis. 

In the corresponding acid-catalyzed process (A,,2) the protonatcd 
ester (130) is in rapid equilibrium with its conjugate base and reacts 

XI1.C). 

(1 SO) (131) 

with the solvent in the rate-determining step, as shown above for water. 
The polar requirements of this process are again ambiguous, but the 
proportion of the ester present as 130 will obviously be increased by 
electron-releasing substituents, particularly when they are introduced 
in R1, so that they can be expected to retard the reaction by this 
inechanism less than they retard B,,2 hydrolysis. 

Further details about mechanisms of ester hydrolysis relevant to the 
present discussion can be obtained by reference to standard works Io5. 

1. Aikoxy substituents in R2 
Table 17 shows the effect Io6 ofpara  substituents on the rates of B,,2 

and A,,2 hydrolysis of ethyl benzoate (132). I t  can be seen that both 

TABLE 17. Relative rates (kx /kH)  in the acid and ilkaline 
hydrolysis of ethyl p-benzoates lo6. 

Basc catalyzcd Acid catalyzcd 
Substitucnt (BAc2j (L1AC2) 

NO2 103 
Me 0.45 
M e 0  0.2 1 

I a04 
0.97 
0.92 

0 
// 

p-XC,H,C 
\ 

\ 

OEt 
(1  32:: 
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processes are accelerated by electron-at tracting groups (X = NO,) 
and retarded by electron donation (X = Me). The 8-methoxy group 
behaves as an overall electron-releasing group, as in other reactions, 
but i t  is now apparently a bettcr donor than the methyl group, even 
though it is not conjugated to the reaction centre. The substituent 
effects are very small in the acid-catalyzed process, probably because 
the retarding effect of electron release on the activation step is largely 
cancelled by the accompanying increase in the proportion of the pro- 
tonated ester (130). 

Further work on the alkaline hydrolysis of ethyl benzoate with a 
variety of palkoxy substituents (R=Me, Et, i-Pr, CH,=CHCH,, 
PhCH,) gave relative rates which did not vary by more than 10% 
from the meanlo7; the smallest value of the ratio kx/kH in this series 
was obtained for the isopropoxy group and the largest for benzyloxy, as 
expected from the inductive effect of the alkyl group. This study also 
showed an accelerating effect by the rrz-methoxy group (kx/kH = 1.33) ; 
this is fully consistent with the well established behaviour of this group 
as an overall attractor of electrons. Multiple substitution in the aro- 
matic ring showed that the methoxy group affected the value of 
kx/kH in the manner predicted from the additivity principle (equa- 
tion 7) irrespective of the nature of the other substituent, provided no 
interaction could occur between adjacent groups. For example the 
3,5-dimethoxy compound gave the value of k x / k ,  required by equa- 
tion (7) but the 3,4,5-trimethoxy derivative did not, in contradiction 
to observations on the dissociation constant of the corresponding 
benzoic acid 59. 

Some results for the alkaline hydrolysis of aryl-substituted ethyl 
cinr!amateslo8 are given in Table 18. As expected, the effect of the 

TABLE 18. Relative rates (k,/k,) 
for the alkaline hydrolysis of 

substituted ethyl cinnamates loo. 

0 - M e 0  0.37 
m-MeG 1.12 
$-Me0 0.38 
2,3-(MeOjz 0.83" 
2,4-( MeO) 0.14 
3,4-(Me0)2 0.49" 
2,3,4-(Me0)3 0.38" 

a These values are greater than thosc 
calculatcd from the additivity principle. 



128 G. Kohilstam and D. L. H. Williams 

methoxy group on the rate is less than in the benzoates since the sub- 
stituent is now further removed from the reaction centre; the be- 
haviour of the o-methoxy group is very similar to that of thep-methoxy 
group, as in the ionization of the cinnamic acids (see section 1II.C). 
The additivity principle was thoroughly tested for a large number of 
derivatives and was found to be invalid when substituents occupied 
adjacent positions in the aromatic ring. Thus, the 2,3- and 3,4- 
dimethoxy, and the 2,3,4-trimethoxy compound gave rates greater 
than those calculated from equation (7), consistent with reduced con- 
jugation as coplanarity is disturbed. An enhancement of electron 
donation by the 4-methoxy group in the prescnce of the 3-methoxy 
group (see section IV.C.2) does not appear to occur in this system. 

The introduction of a methoxy group into ethyl phenyl acetate (133) 

affects the rate of alkaline hydrolysis in a manner similar to that found 
in cinnamates for meta and ~ U T Q  substitution, but the o-methoxy group 
is now clearly subject to a substantial steric effect log: 

Substituent o - M e 0  tn -Me0  $-Me0 
X - X l k H  0-16 1-12 0.88 

Observations of the effect of solvent changes on k,/k, ied to the con- 
clusion that the ortho effect arose, at  least partly, from steric hindrance 
to solvation in the transition state. 

On the other hand, no steric effect for tile o-iiiethox)~ group was 
observed in the acid hydrolysis of ethyl isophthalates (134), the results 

CO2Et 
I 

(1 34) 
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showing the ‘normal’ retardation by ortho and Para substituents and an 
enhanced rate for the 7neta derivative 

Substituent 2-Me0 4-Me0 5-Mc0 
kXlkiI 0.75 0.8 1 1.17 

No explanation can be provided for this discrepancy. 

2. Alkoxy substituents in R1 
In general the introduction of substituents in R1 which is joined to 

the alkyl-oxygen atom (see 130) affects the rates of B,,2 and AA,2 
hydrolysis in a manner similar to that shown by substitution in R2. 
Polar effects are relayed less efficiently to the reaction centre which is 
now further removed from the site of substitution, but acid hydrolysis 
will be a little more sensitive to the nature of the substituent in view of 
the closer proximity of the alkyl-oxygen atom. 

However, substantial changes in the structure of R1 in the direction 
of stabilizing the carbonium ion R1 + may well alter the mechanism of 
neutral or alkaline hydrolysis from BA,2 to BA,l (135) which ii:.volves 

0 0 
// 

> R1+ + -0-C (135) 

the heterolysis of the R-0 linkage and is indistinguishable from the 
unimolecular mechanism of nucleophilic substitution (SN1). Diphenyl- 
methyl p-nitrobenzoate reacts by this mechanism with aqueous sol- 
vents, and the introduction of a p-methoxy group should therefore 
cause the approximately 2 x 104-fold acceleration of solvolysis found 
for the same substitution in diphenylmethyl chloride (see Table 12); 
this has been observed 76. 

The introducuon of a p-methoxy group into other benzyl, l-phenyl- 
ethyl, and diphenylmethyl esters also increases the rate of neutral or 
alkaline hydrolysis 105b. The products of the reactions of the derivatives 
require BA,l hydrolysis even when the parent compounds show a 
much smaller tendency to follow this mechanism. The effect of an 
o-niethoxy substituent on the rate is similar to that of ap-methoxy sub- 
stituent but a little smaller, while a tn-methoxy substituent does not 
accelerate hydrolysis and does not increase the tendency of the com- 
pound to react by mechanism B,,1 105b. All these observations are 
fully consistent with the expected response of the substituents to an 
electron-demanding situation. 

/ R1-O-C __ 
\Ra \R2 

5 + C.E.L. 
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Similarly, in acid hydrolysis, the conjugation of a methoxy substitu- 
ent in R1 with the site of attachment of R1 to the alkyl-oxygen atom 
should cause the replacement of mechanism A Ac2 by unimolecular 
alkyl-oxygen fission (AALl (136)) since the transition state in the 

(136) R ~ + - - c  + R’+ + A-c 
H 0 H 0 

// // 

\RZ \Ra 

heterolysis of R1-0 will be stabilized by resonance. Thus, the acid 
hydrolysis of alkoxymethyl acetates and formates lli is very much 
faster than that of the methyl compounds, and the rates are propor- 
tional to Hammett’s acidity function (Ao). This is fully consistent with 
the interpretation that the operation of mechanism AA,l is favoured in 
the alkoxymethyl esters since the relatively stable structure 74) makes a 
substantial contribution to the transition state. Similarly the large 
acceleration of the acid hydrolysis of benzoic anhydride by a fi- 
methoxy group is accompanied by a mechanistic change which results 
in hydrolysis of the methoxy derivative entirely by an A1 mechan- 
ism112, consistent with a process involving conjugation of a methoxy 
group with an electron-demanding reaction centre, as in 137. 

Ph--6 
+O 

Although not strictly relevant to this section, it is also notewortiiy 
that 2,4,6-trimethoxybenzyl alcohol rapidly forms the acetate in 
acetic acidloSb, presumably by an AAL1 reaction which would be 
favoured by the presence of three powerfully electron-donating groups. 
The corresponding reaction of benzyl alcohol is immeasurably slow 
under similar conditions. 

5. Other Reactions 
1. The solvolysis of benzoyl chlorides 

The enrichment of the l80 content of benzoyl chloride during its 
hydrolysis in Hz180 suggests that the rate-determining step involves 



3. Directive and Activating Effects of Alkoxy and Aryloxy Groups 131 

the reversible formation of an intermediate (138) similar to that 

formed in the BA,2 hydrolysis of esters l13. Alternatively the reaction 
can be regarded as involving an extreme form of mechanism SN2 in 
which only bond formation is required in the activation process, 
though electron displacement to 0(1) must of course occur. By analogy 
with ester hydrolysis, acceleration can therefore be expected on the in- 
troduction of electron-attracting substituents into the aromatic ring 
and retardation by electron donors. This has been observed for a large 
number of substituentsl'** l15.  

The rcsults for methoxy substitution on the rate of ethanolysis114 
show the sniall acceleration by the nz-methoxy group and the small 
retardation by the p-methoxy group which is usually obaemcd in ester 
hydrolysis. The approximately 30-fold increase in rate with the o- 
methoxy group is uncommon but presumably arises from steric inhibi- 
tion of conjugation between the aryl ring and the carbonyl group in the 
initial state, as already invoked for the acid-strengthening effect of the 
o-methoxy group in benzoic acid (section 1II.C). 

Hudson and his coworkers 115 found that retardation by ap-methoxy 
group in ethanolic solvents and 5% aqueous acetone was replaced by a 
progressively increasing acceleration as the ionizing power of the 
solvent was raised (a 30-fold rate enhancement was observed in 50% 
aqueous acetone) until the solvolysis of the methoxy derivative became 
too fast to measure (in moist formic acid). From this and other evidence 
they concluded that the mechanism changed in the direction of an S,l 
reaction with increasing ionizing power, and it seems very likely that 
the more rapid reactions of the p-methoxy compound proceed entirely 
by this mechanism. These experiments represent one of the most clear 
demonstrations of the way in which the accelerating effect of the 
methoxy group can be altered by changing the reaction conditions. 

2. Carbonyl methyiene condensations 

The base-catalyzed reaction of malononitrile with benzaldehydes 
in ethanol is considered116a to proceed via a rate-determining step in 



132 G. Kohnstam and D. L. H. Williams 

which the carbanion (139) adds on to the carbonyl group to form an 
intermediate (140) which undergoes hrther reaction. The electron 

0 CN 0- 
II 

(CN)*CH- + C-C,,H,X + H-(!d-C,H,X 

H I CN A 
(139) (140) 

displacements which occur on activation parallel those in the B,,2 
hydrolysis of esters, as do all additions to the carbonyl group, but no 
structural analogue of 129 exists in this system and resonance stabiliza- 
tion OF the initial state by a p-methosy group could therefDre play a 
significant part. In  agreement with this conclusion the ten-fold decrease 
in rate on the introduction of this substituent is about twice that 
observed in the B,,2 hydrolysis of ethyl benzoate (Table 17), though 
a bigger difference might perhaps have been expected. 

The reaction is also of interest as it was found to give a much better 
correlation with u + than with u, in spite of the small value of p ( i 1 a45) 
an observation which confirms that conjugation between the sub- 
stituent and the carbonyl group must play an important part in the 
activation process. At the same time it is noteworthy that kMeojkH = 
+ka/kK0,, while the LT+ scale requires that the two ratios should be 
zqual. The results could therefore be interpreted as further evidence 
for the variable capacity of the methoxy group for conjugative electron 
release. 

Many other additions to carbonyl groups in which the initial state is 
stabilized relative to the transition state by conjugative electron release 
show the expected retardation by p-methoxy and slight acceleration by 
m-methoxy groups, although the effects are often remarkably small 
(e.g. reference 116b). 

VI. ELECTROP W I LIC AROMATIC S U  BSTITUT19) N 

Electrophilic substitution in aromatic systems has been widely studied. 
Early efforts in this field concentrated on the nitration of hydrocarbons 
and their derivatives but the work was soon extended to include other 
reaciions such as halogenation, sulphonation, acylation, and mercura- 
tion. More recently the replacement of the isotopes ofhydrogen and the 
rupture of carbon-metalloid and carbon-metal bonds have attracted 
much attention) usually for reaction with hydrogen ions though other 
electrophiles (e.g. bromine) have also been studied. Comparisons of 
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the reactivities of anisole and benzene have been particularly popular 
for the assessmcnt of the effect of a polar substituent on the rates since 
the accelerating cffcct of a methcxy group varies widely froin one re- 
action to another (see Table 20j. 

No attempt at  a comprehensive discussion of electrophilic aromatic 
substitution is possible in this seciion; details can be obtained from 
some of the excellent reviews which have been published2'. "". 

R. General Considerations 

1. Mechanisms 

I t  seems very likely that the replacement of a group B attached to an 
aromatic system by an electrophilic reagent A proceeds via the rate- 
determining formation of an intermediate (141) which decomposes 
rapidly to yield the products. This view is supported by ample evidence 
for the replacement of hydrogen or its isotopes (cf. reference 21) and 
also satisfies the facts in many other substitutions118. Structures like 
I 4 2  and 143 can therefore be expected to contribute to the transition 

A 0  A B  

i 

state. The considerable capacity of akoxy and arylcxy groups for 
electron release when conjugated to an electron-demanding reaction 
centre will stabilize the analogues of structures 142 and 143 when these 
groups are in the ortho and para position with respect to the site of re- 
action, ar?.d their introduction should therefore accelerate the reaction. 
Thus, ortho and para substitution should occur more rapidly in alkoxy- 
benzene and aryloxybenzene than substitution at one of the six equi- 
valent sites in benzene. No similar stabilization of the transition state 
for meta substitution is possible and the well-known behaviour of the 
m-alkoxy group as an overall electron attractor with respect to an 
electron-deficient reaction centre in other reactions suggests that meta 
substitution in anisole (say) should be retarded relative to the corre- 
sponding reaction in benzene. Similarly, rn-ROC,H,B should react 
more slowly than C,HSB. 
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It must, however, be stressed that not all electrophilic substitutions 
necessarily occur in this manner. Thus, the very large rate of rupture 
of C-Sn and C-Pb linkages has led to arguments for a rate-determin- 
ing step involving nucleophilic attack at  the metal atom119, and four- 
and six-centre transition states have been postulated for some reac- 
tions no ; such a mechanism is regarded as particulariy attractive 21 for 
mercuridesilylation (144). Under these conditions the effect of alkoxy 

substituents on the rate is likely to differ from that predicted for the 
operation of the more common mechanism. 

2. Partial rate factors 

The replacement of hydrogen in alkoxybenzenes can occur at several 
sites in the molecule but steric effects and other factors (see section 
Vf.B.l) are likely to result in different rates for ortho andpara substitu- 
tion so that the overall rate of reaction relative to that of benzene 
(k,/kH) could well obscure interesting features. Clearer information 
arises from the partial rate factcs (fRo) which compare the reactivity 
of the ortho, meta, and para positions in alkoxybenzenes with that of one 
of the possible reaction sites in benzene; under kinetically controlled 
conditions these parameters are easily obtained from the ratio kx/kH 
and the isomer proportions via equations 8 to 10. Values offgo are 

6kx yo ortho 
f,”o = 2k, 100 

6kx yo meta 
2k,  100 

Sk, yo para RO - -~ 
f p  - k ,  100 

RO - 
f m  --- (9) 

always small and have to be obtained indirectly from results for poly- 
substituted compounds by the additivity principle (equation 7). For 
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example each of the available reaction sites in p-methoxyanisole (145) 

can be considered to be subject to the activating (or deactivating) in- 
fluence of one o- and one m-methoxy group so that the overall rate of 
reaction relative to benzene is giiren by equation (1 l), whencef,Meo can 
be obtained iffy" is known from the corresponding reaction of anisole. 

(11) 

Thevalidity of this procedure clearly depends on whether the additivity 
principle applies with sufficient accuracy (see section V1.C). 

No similar difficulty applies when a group other than hydrogen is 
replaced; the partial rate factor for the substitution of B in ROC,H,B 
is identical with the rate relative to that of the parent compound 
(PhB) . Partial rate factors for such reactions are, however, often 
quoted in preference to relative rates since this facilitates comparison 
with substitution in alkoxybenzenes. 

k(p-MeOC,H,OMe) - 4 f ~ e 0 f ~ e 0  - 
kEi 6 

3. Selectivity 
It has already been pointed out that the effect of substituents on the 

rates of electrophilic substitution reactions is often corrc!ated satis- 
factorily by the Hammett relation (equation 1) if the substituent con- 
stants CT+ are employed (section II.A.2). While this does not apply to 
the methoxy group in nitration by NO; 37, logfp" shows the required 
proportionality with the reaction constant ( p )  over a range of other 
reactions which involves a 106-fold variation off:"" 21- 34. These results 
lead to a substituent constant of - 0.74 for the methoxy group, in good 
agreement with the value of - 0.78 obtained from the hydrolysis of 2- 
phenyl-2-propyl chlorides 33 (see, however, section II.A.2). 

An equivalent approach 21 * 34 discusses the reactions of monosub- 
stituted benzenes in terms of the selectivity of the electrophilic reagent. 
The selectivity factor (S,) is defined by equation (12) and is often 
found to be directly proportional to logfr"" or the corresponding term 
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for other substituents. The same reactions also give reasonably good 
correlations with cr+ SG that the reaction constant ( p )  represcnts a 
direct measure of the selectivity (S,). Values offMeo for these systems 
can therefore be calculated to a reasonable degree of approximation 
either from S, (selectivity relation) or from p (extended selectivity re- 
lation). A highly sclective reagent (or a reaction with a high sclectivity) 
will result in large values ~ f l f ' : ~ " ~  andfyeo, and vice versa, but calcula- 
tions offyeo are usually less reliable than those off,Me0 since steric 
effects may well operate in ortho substitution, 

8. Monosubstituted Compounds 
1. Orientational effects of methoxy and phenoxy groups 

I t  has already bcen pointed out that alkoxy and aryloxy groups 
should deactivate the meta position in electrophilic substitution (section 
VI.A.2). No detectable amounts of the meta isomer should therefore 
appear in the products of the reactions of anisole and diphenyl ether, 
as generally observed'k. The proportions of ortho and para isomers are 
summarized in Table 19 for a number of reactions which have been 
arranged in the order of decreasing selectivity. These isomer propor- 
tions represent a measure of the relative reactivities at the sites ortho 
and para to the methoxy and phenoxy groups, and can also be cal- 
culated from the partial rate factors t. Values for the ' displacement ' 
processes in Table 19 (reactions 4, 5, 10, and 11) were obtained in this 
manner in order to permit a wider range for the comparison, but it will 
be recognized that the figures are hypothetical since these reactions all 
yield the same product (anisole or diphenyl ether). 

The results in Table 19 show a tendency for the reactivity at the 
ortho position to increase with decreasing selectivity though there are a 
number of exceptions. Steric effects may be responsib!e for the 'ab- 
normally' small amounts of ortho isomer in mercuration (reaction 9) 
and in the desilylation of the phencrty compound (reaction lo), and 
could conceivably be considered to account for the different degrees of 
ortho substitution in molecular bromination and chlorination (reactions 
1 and 2). The bromination is, however, kinetically more complex than 

* 1-2% of m-nitroanisole have been claimed for the nitration of anisole121, 
but subsequent workers were unable to detect any meta isomer under similar 
conditions lZ2 or for thc reaction of anisole with acyl nitratesl23. 

t Whenf, = 0, as in the present reactions, equations (8) and (10) show that: 
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TABLE 19. Isomer proportions (yo) for substitution in methoxy and phenoxy 
derivatives. 

Reaction 

Me0 PhO 

orfho para ortho p m  Ref. 

1. Bromination (ROPh,Br2) 2 98 0 I00 
2. Chlorination (ROPh,C12) 21 79 - 
3. Acctylation (ROPh,MeCOCl) 0 100 - 

5. Dedeuteration (ROC,H,D,H+)O 46 54 - - 
7. Chlorination (ROPh, C1+) 35 65 - - 
8. Nitration (ROPh,N02+) 44 56 - - 
9. Mercuration (ROPh,Hg(OAc),) 14 86 - - 

11. Degermylation(ROCGH4GeMc3,H+) 43 57 - - 

- 
- 

4. Detritiation (ROCeH4T,H+) - - 30 70 

6. Nitration (ROPh,AcON02)b 72 28 50 50 

10. Desilylation (ROC6HJSiMe3,H+) 31 69 16 84 

13, 14 
124 
125 
126 
127 

123, 128 
129 
122 
130 

12, 131 
132 

a The ortholpara ratio for this reaction has been shown to depend on the t crnpcrat~re l~~ .  
Thc figures for methory and phcnoxy groups were not obtained undcr the same conditions. 

chlorinationiQa, and the two reactions may not proceed by the same 
mechanism. I t  must also be stressed that steric effects are often suffi- 
ciently small to have little effect on the reactivity at  the ortho position 
(see section VI.B.3). 

Two equivalent sites are available for ortho substitution but the pro- 
portion of the para isomer is always greater than 50% for the reactions 
listed in Table 19 (except for reaction 6 ) .  Although steric factors could 
be thought to be responsible, an examination of the available data for 
a variety of substituents has led to the conclusion that this ‘ortho 
effect’ is primarily electronic in origin134* 135 possibly because an 
electron-releasing substituent (X) can be expected to stabilize the p-  
phenonium ion (146a) more than the o-phenonium ion (146b) 135. The 

X 

(1461) (l46b) 

results for methoxy and phenoxy groups support this conclusion, but 
the irregular variation or the isomer ratios as the selectivity is altered 
(see Table 19) suggests that steric effects or other factors may also be 
important in at  least some of the reactions. 
5’ 
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The unusually large fraction of ortho substitution in the reaction with 
acyl nitrates (reaction 6 )  has also been observed with other alkoxy 
derivatives 136a and the reaction with nitronium tetrafluoroborate 136b, 

in contrast to nitration with mixtures of nitric and sulphuric acids 
(reaction 8). Mercuration leads to ortho-pum ratios in excess of unity 
when the reagent is mercuric perchlorate 136c, but not when the acetate 
is employed (reaction 9), and abnormally large values have also been 
reported for alkylation with isopropyl compounds in nitmmethane or 
perchloric acid while t-butyl compounds show the more usual pre- 
ponderance ofpara substitution under the same conditions 136c. Several 
sets of workers have suggested that these abnormal proportions may 
arise from the fact that a part of the reaction proceeds via an initial 
attack on the oxygen atom of the alkoxy group, followed by intra- 
molecular rearrangement which would favour ortho substitution lZ3- 136. 

The rate of such a process, however, often appears to be much more 
senskive to the reaction conditions than the normal substitution; the 
reasons for this are not always clear. 

The introduction of methoxy groups into naphthalene (147) results 

in nitration exclusively at those positions which can be activated by 
conjugation with the substituents 137. The partial rate factors depend 
markedly on the reaction conditions but the isomer proportions always 
follow the same general sequence : 

1 -pVIcO 2-NO2 > 4-No2 >> 5-NO2 

2-Me0 6-N02 > l-NOz > 8-NO2. 

The preponderance of 2-nitration in the 1-methoxy compound can be 
compared with the abnormal ortho+ara ratios discussed in the pre- 
ceding paragraph. However, the corresponding 1-substitution is not 
the most favourable process in the reaction of the 2-methoxy compound, 
probably137 because of steric effects caused by the presence of the 
2-methoxy group and the 8-hydrogen atom. I t  is also noteworthy that 



3. Directive and Activating Effects of Alkoxy and Aryloxy Groups 139 

both methoxy derivatives show the least reactivity at the positions 
which require the relay of the + T effect over the greatest distance for 
their activation. 

2. Reactivities of methoxy and phenoxy derivatives 
Table 20 shows the overall rates (klk,) for some reactions of methoxy 

and phenoxy derivatives relative to the rates for the parent compou~ds, 
and the corresponding partial rate factors for meta and para substitu- 
tion ;free can be readily deduced from the results or from those quoted 
in Table 19. 

The reactions in Table 20 have again been arranged in the order of 
decreasing selectivity and it can be seen thatf,Meo is abnormally small 
for nitration by NOz+ (reaction 8), a conclusion which has already 
been mentioncd iri connection with the failure of the cr+ correlzticn 
(section VI.A.3). I t  is one of the striking features of electrophilic aro- 
matic substitution that the reactivities of compounds containing the 
highly polarizable methoxy group are so often predicted fairly well by 
selectivity relations, in contrast to other electron-demanding reactions 
like solvolysis, but an occasional exception need not be surprising. 

In  bromodeboronation (reaction 13) , fteo is considerably larger 
than expected from the selectivity, i.e. from the partial rate factors of 
other substituents, and it has beensuggested that a side-reaction may be 
responsible 21. Bromine is a highly selective reagent in the replacement 
of hydrogen, and the powerful activating effect of a suitably placed 
methoxy group can occasionally bring about this substitution in pre- 
ference to, or side by side with, the ‘normal’ reaction. Thus, the reac- 
tion of bromine with p-methoxyphenyltrimethyhilane141 does not 
break the C-Si linkage but prc;duces the bromo derivative (la€$), and 

tn-methoxyphenylboronic acid (149) forms the dibromo compound 
(150) before the final product (151) in reaction (13) 142. A similar 
sequence would account for the high reactivity of the p-methoxy 
compound. 
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@B(OHL @Br 

M e 0  P leO B r  M e 0  Br 

(149) (150) (151) 

As expected the p-phenoxy group accelerates electrophilic substitu- 
tion less than the #-methoxy, and m-methoxy group retards all the re- 
actions in which its effect can be measured directly (see Table 20). On 
the other handf,MCo calculated from results for p-methoxyanisole (see 
section VI.A.2) suggests some activation by this substituent (reactions 
1 and 9). Tllis conclusion could be erroneous as the additivity principle 
does not always predict rates with good precision, but the possibility 
of a stabilizing contribution from structure 152 to the transition state 
has also been considered 143. 

(15%) 

I t  is noteworthy that f p o  tends to increase on passing down 
Table 20, as expected from the decreasing selectivity. This observation 
could, however, be fortuitous since reaclion (15) may not occur by 
the same mechanism as reactions (1) to (14) (see section VI.A.l). 

The accelerating effect of the methoxy group orr protodesilylation in 
diphenyl and on protodetritiation in diphenyl and fluorenee9 is com- 
pared below with its effect on the reactions of benzene derivatives. I t  
can be seen that the relative rates are greatly decreased as the con- 
jugated system is lengthened, as in S'l solvolysis and probably for the 
same reason (see section IV.C.2). The similarity of kMeO/kH for the 
detritiation of 155 and 159 suggests very strongly that stenc inhibition 
of conjugation arising from any non-coplanarity in the diphenyl 
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system (156) is negligibly small since the fluorene system (157) is 
generally regarded as coplanar. 

The original results showed the unexpected feature of greater 
acceleration by the methyi than by the methoxy group in both 156 and 
157. These reactions were carried out in a strongly acidic medium 
(trifluoroacetic acid) and some protonation of the weakly basic oxygen 
atom in the metlioxy group may have occurred. A reduction in the 
acidity by the addition of acetic acida9 gave the expected order: 
kMeO > kMe for 156 and 157, but it did not significantly affect tht  large 
difference between these compounds and the tritiated benzene (155). 

3. Changes in the nature of the alkoxy group 

Results considered in previous secrions have shown that changes in 
the alkyl group (R) only alter the accelerating effect of the alkoxy 
group by relatively small amounts, even in strongly electron-demand- 
ing situations. The reasons for this behaviour have already been dis- 
cussed. 

Some of the relevant information for electrophilic substitution is 
summarized in Table 21 and it can be seen that the orientating effect 
of the alkoxy group in chlorination is virtually independent of the 
nature of alkyl group, as expected for substituents of similar reactivity. 
The values of kRo/kM,o for halogenation are the means or the numerous 
results obtained by Jones and his coworkers for a variety of reactions of 
alkoxybenzenes and their substituted derivatives (158). Except for iso- 
propoxy groups (see footnote c, Table 21), the nature of the reaction or 
the substrate had virtually no effect on the value of kRO/kMeO, suggest- 
ing that any steric effects in the ortho-substituted compounds (158) were 
the same for all alkoxy groups. In most of the compounds studied 
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TABLE 21. The effect of cliangcs in the alkoxy group on orientation and 
reactivity in halogenation lZ4* 144 and dedeuteration 133. 

Halogcnat ion Dcdcutcrat ion 

(158) (159) 

Alkyl group 

i- Pr 
n-Oct 
n-Pr 
Et 
Me 
MeC6H4 CH2 
PhCHz 
HOpCCHzCHz 
NOzCsH4CH, 
HOzCCH2 

79 

80 
79 
736 

44OC 
2.18 
2.15 
1 -99 
1.00 
0.95 
0.68 
0.48 
0.14 
0.08 

2.60 

1.37 
1-36 
1 .oo 

- 

- 

(I Thcse results rcfer to the molecular chlorination of compounds with X=H,  Y=H; no 
detcctzblc amounts of the mrto product were found.lz4 

These results rcprcsent tlic mcan values for a variety of reactions (molecular chlorination, 
molecular bromination and bromination with HOBr) of compounds in which a wide variety of 
substitucnts X and Y (including H) were employed. 

This value varied u p  to 30% depending on the nature of the orllro substituent (X). 
For R = EtCoH,CHz. 

steric effects were clearly absent since the actual rates agreed, within 
the limits of the experimental error, with those predicted from thc 
additivity principle. Results for the halogenation of naphthyl ethers 
are also available 145, and the results show the same trends as those 
for 158 though the values of kRo/kMeo are not always precisely the same 
in the two systems. 

The effects of changes in the alkoxy aroup on the rate of halogena- 
tion (Table 21) are qualitatively consistent with what would have 
been predicted from the electron-attracting or -releasing properties of 
the akyl group (R). Thus, the powerfully electron-attracting car- 
boxylate group (R = HO,CCH,) reduces the rate by a factor of 
twelve relative to the methoxy group but it will be recognized that this 
change is small when compared with the acceleration of these reactions 
on replacing hydrogen by an alkoxy group (kMeo/kH - 107-109). 

? 
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Changes in the alkyl group alter the rates of dedefiteration in the 
same direction as for halogenation (see Table 21) though the effects 
are now smaller, as expected for a reaction of lower selectivity (see 
Table 20); the same order of reactivities for alkoxy groups can be 
obtained from the orientation of the products of nitration of phenyl 
compounds containing two different alkoxy substituents (see section 
VI.C.1). 

C. Polysubstituted Compounds 

1. Several alkoxy substituents 

Partial rate factors for the bromination of anisole and its methoxy 
derivatives14b are shown below. The enhanced reactivity at  the 4- 
position of o-methoxyanisole (160) relative to anisole (7) is a little 

~ o . 8 x l o 8  

70 x 10' 

(7)  

?Me 

OMe ?Me 

OMe 

(161) (145) 

surprising but similar results are obtained for deuterium exchange 94a 

and diphenylmethylation 138 (see Table 22). Additional activation in 
an electron-demanding reaction of a site para to the methoxy group by 
the introduction of a further methoxy oroup in the meta position has 
also been observed in solvolysis (see section IV.C.2) ; the explanation 
in terms of a stabilizing electrostatic interaction between the two 
adjacent methoxy groups in the transition stateg1 could also apply to 
the present reactions. 

The high reactivity a t  the 4-position of m-methoxyanisole (161) is 
not unexpected since this site is activated by electron displacements 

a. 
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from one p- and one o-methoxy group. All the available sites of sub- 
stitution are equivalent in p-methoxyanisole (145) but it is interesting 
that the partial rate factor is slightly larger than in the ortlio position of 
anisole. In terms of the additivity principle this result requires activa- 
tion by a rn-methoxy group (see section VI.A.3). 

Overall rates for bromination, diphenylmethylation, and deuterium 
exchange are given in Table 22, aiid it can be seen that all three re- 
actions follow the same general pattern. 

TABLE 22. Overall rates of electrophilic substitution in methoxy anisoles. 

Substrate Bromination14b Diphenyl- Deuterium 
mcthylation me exchange 

C6H6 8.3 x 1.2 x 10-5 1.8 x 10-5= 
MeOPh (7 1 1.0 1.0 1.0 
o-MeGC6H,0Me (160) 3.3b 1-1 
nz-MeOC6H40Me (161) > 104 97 

3*OC 
- 
- p-MeOC6H,0Me (145) 0.075 0.3 

a Rcfcrcnce 127. 
A similar value has been reported for slightly different reaction  condition^^'^. 
Rcfcrence 94a. 

Rates of deuterium exchange94a aiid b r o r n i n a t i ~ n ~ ~ ~  in the cyclic 
compounds (95) related to o-methoxyanisole vary in a similar manner 
with the size of the heteroring as the rates of hydrolysisg2 of the cyclic 
ethers (162) discussed in section IV.C.2. I t  has becn suggested that 

optimum acceleration of electrophilic substitution occurs when the 
plane defined by each oxygen atom and the carbon atoms to which it is 
bound coincides with the plane of the quinonoid ring, or alternatively 
that the most favoured disposition of the bonds between oxygen and 
carbon in the heteroring is the trans/tram form since electrostatic inter- 
action between the two oxygen atoms will then exert the greatest 
stabilizing effect on the transition state". 
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A conformational explanation has also been proposed 148 to account 
for the observation that the detritiation of [4,G3H]-1 ,2,3-trimethoxy- 
benzene occurs 60 times more slowly than ca!culated from the addi- 
tivity principle. Steric inhibition of resonance was considered un- 
likely as the 1- and 3-methoxy groups can easily lie in the plane of thli 
ring but they would then shield the 4- and 6-positions from the ap- 
proaching reagent if they were in the trans/trans form. 

Some of the earliest information about the activating effects of 
different alkoxy groups was provided by the nitration of o- and p- 
alkoxyanisoles (163 and lS4) 147. The acceleration of para Jubstitution 

Q- 
by alkoxy relative to methoxy groups is given by the ratio of the 4- and 
5-nitro products in the reaction of 163; similarly, the ratio of the 2- and 
3-products for 164 gives the relative effect of alkoxy groups on ortho 
substitution. The results are shown in Table 23 and it can be seen that 
k,,/k,,, follows the same pattern as in reactions of compounds con- 
taining a single alkoxy substituent (see Table 21). I t  is also noteworthy 

TABLE 23. Relative rates of nitration (kRo/khfoo) in alkoxy 
anisoles 147. 

Alkyl group ortho Substitution l a r a  Substitution 

Me 1.00 
Et 1 a64 
n-Pr 1 *so 
iso-Pr - 
n-Bu 1 -86 

1.00 
1.35 
1.28 
1 a50 
1.23 

that similar experiments on p-phenoxyanisole 148 first .revealed the 
differericc between the activating effects of methoxy and phenoxy 
groups. 

In diphenyl and related compounds a powerful electron-releasing 
group like methoxy usually directs substitution into its own ring. 
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Consequently 4,4'-dimethoxyciiphenyl (165s) yields the symmetrical 
3,3'-disubstituted product (165b) on nitration 149. 

(1650) 
N 0; 

(l65b) 

2. Alkoxy group in tho presence of other substituetics 

The orientation cf electrophilic attack on a polysubstituted hydro- 
carbon (e.g. 166) can usually be predicted from the electron-attracting 

and -releasing powers of the substituents, relative to each other, and 
the partial rate factors can often be calculated with reasonable pre- 
cision from the additivity principle21* lS0. Most of the quantitative 
work in this field does not include alkoxy groups, but the extensive 
studies of Jones and his coworkers on the halogenation of ethers (see 
section VI.B.3) have shown the wide range of the validity of the 
additivity principle for overall rates of reaction in these compounds. 

Thus the halogenation of o- and p-anisidine (167 and 168) occurs 
mainly at the indicated  position^^^^, as expected from the greater 
capacity of the amino group for electron release, and the nitration152 
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of o-fluoroanisole (169) shows the isomer proportion which would 

OMe 

have been predicted from the nitration of anisole. Dificulties inevit- 
ably arise when a substituent of approximately the same activating 
power as the alboxy group is present. A dominance in the directing 
power of ethoxy over acylamino is indicated in the halogenationlS1 of 

OEt OEt 

bNHAC ‘A6L 
t I 

NHAc 

(170) (171) 

o- and p-ethoxyiicetanilide (170 and 171) but the converse applies in 
the nitrationlS3 of the o-methox; compound (172) ; the relatively poor 

OMe 

activating effect of the methoxy group in nitration (see section Vi.8.2) 
may be responsible for tllis observation. 

The additivity principle will obviously not apply when significant 
steric effects are operating, but it has beer, pointed that altera- 
tions in the electron distribution resulting from conjugative interaction 
between substituents may also limit the validity of this principle. Thus, 
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halogenation of m-nitroanisole (173) occurs mainly in the 2- and fiot at 
4-position as would have been expected, probably because thc 
electron-withdrawing nitro group favours structures such as 174 where 

0- 

(174) 

conjugative electron release from the methoxy group can only occur in 
theindicated direction I5l. Similarly, 1,4-mcthoxy-2-nitrobenzene (175) 
shows mainly 3-halogenation instead of the expected 5- and 6-sub- 
stitution, an observation which can be exp!ained by the limitations im- 
posed by structure 176 on the electron displacementslS1. 

(175) (176) 

Stenc inhibition of conjugation with the aromatic system should 
obviously decrease the activating effect of the allioxy group in 'electro- 
philic substitution. This is particularly well illustrated by the effect of 
o-methyl groups on the bromination of anisoleg2. The introduction of 
the 2-methyl group (177) increases the overall rate, presumably be- 
cause of its electron-releasing properties, but t!ie large decrease in 
rate on going to the 2,6-dimethyl compound (178) strongly suggests 

Olle OMe 6"' 
(177) 

6.3 

M e ~ M e  
(175) 

0.39 
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that steric fdctors now prevent full conjugation of the methoxy group 
with the phenyl ring. The results parallel those for the S,l solvolysis of 
the corresponding 4-chloromethyl compour,ds 92, and illustrate again 
the similarity of the activating effect of alkoxy groups in different 
types of electron-demanding reactions. 

Similar considerations account for the observation154 that the 
bromination of methoxydurene (179) occurs only 1-6 x lo5 as rapidly 
as the reaction with durene, whilc the methoxy group accelerates the 
para bromination of benzene by a factor of 1O'O (see Table 20). I t  is 
noteworthy that this polymethylbenzene approach suggests deactiva- 
tion by the m-methoxy group since methoxymesitylene (180) under- 

OMe OMe 

Me&Me Me Me 

(179) 

Me@Me 

goes bromination at  about one-fifth of the rate observed with mesityl- 
ene 154. While this conclusion agrees with other direct determinations 
o f f  Eeo (see section IV.B.2) it must be stressed that full conjugation 
with the aromatic ring cannot occur in 180. This could conceivably 
prevent a stabilizing contribution from structure (152) which has been 
postulated in order to explain the small activating effect of the m- 
methoxy group deduced for halogenation and mercuration from results 
for dimethoxy compounds via the additivity principle (see section 
VI.C.1). O n  the other hand, the additivity principle may not be 
sufficiently precise to permit such conclusions, especially as all the 
direct determination off zC0 lead to values less than unity. 

VII. MlSCELLANEO US REACT10 N S  

A. Nucleophilic Aromatic Substitution 

Although nucleophilic aromatic substitution has been studied by 
several workers, relatively little information relates to the effect of 
alkoxy substituents Gn the rate; general reviews are available 155. 156. 

An interesting example of an aromatic S,l reaction arises in the de- 
composition of diazonium ions 156 where the rate-determining step can 
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be represented by 181 and 182. As expected, electron-attracting sub- 
stituents retard the reaction but, surprisingly, electron-releasing groups 

(181) (182) 

in the para position show a similar effect. Hughes has suggested157 that 
resonance stabilization of the initial state by a contribution from 
structure 183 might be responsible; such a contribution wodd not 

help the attainment of the transition state which requircs the electron 
displacement shown in 184a. The retarding effect of the p-methoxy 
group is quite substantial but the rn-methoxy group actually facilitates 
the reaction (see below). Presumably this group has little effect on the 
initial state and stabilizes the strongly electron-demanding transition 
state by second-order relay of conjugative electron release (see I84b). 

Substituent (in 181) H p-Me0 m - M e 0  
I; (rel.) 1.0 1.5 x 10-4 4.6 

Many of the nucleophilic aromatic substitution reactions which 
have been studied involve the attack of a base (B) on a carbon- 
halogen bond; they occur by a bimolecular mechanism. There is 
ample evidence that bond-breaking is of little importance in the rate- 
determining step, and structures like I85 can therefore be expected to 

(1843) (184b) 

contribute significantly to the transition state, which will be stabilized 
by the presence of electron-attracting substituents in the aromatic ring. 
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The reactions will, in fact, not procced at  measurable rates in the 
absence of such groups (e.g. nitro) unless very strong bases are em- 
ployed as the reagent (see below). 

The reactions of 1-bromo-2-nitrobenzene (186) with piperidine 158 

and of l-chloro-2,6-dinitr.obenzene (987) with methoxide ions 32 are 

retarded by 4-alkoxy substituents as expected. The rates for the reac- 
tion of 186 (see below) suggest: that the ethoxy group is a better donor 
of electrons than the methoxy group, in agreement with conclusions 
drawn frcm other reactions ; considerably better electron-releasing 
groups (e.g. hydroxyl) retard the reaction more than the methoxy 
group. The effect of a 4-alkoxy group on the rates probably arises 
from the + T electron release towards the site of reaction, a process 
which will destabilize the transition state. 

4-Substituent (in 186) H Me 0 EtO 
k (rel.) 1.0 0.018 0.015 

A further retarding efFect in these reactions can be envisaged when 
the alkoxy group can conjugate directly with the activating nitro 

group. Thus, in 1-chloro-2,4-di.~tro-5-methoxybenzene (188) con- 
tributions from structures 169 and IS0 will stabilize the initial state 
relative to the transition state in nucleophilic displacement of C1*. 

’: This conclusion can be expressed in an equivalent form by stating that 
structures 189 and 190 deactivate the activating nitro group lS8. 
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Retardation from this cause may, however, not be substantial since 188 
reacts with methoxide ions at about a quarter of the rate obsemed with 
l-chlor0-2,4-dinitrobenzene 159 but the effect may be largely obscured 
by the acceleration resulting from the presence of the electron- 
withdrawing m-methoxy group. 

Although some of the reactions give fairly good correlations with the 
Hanimett substituent constants (a) 150 others do not and a new scale of 
substituent constants has been proposed for these reactions32. It has 
already been pointed out that the resulting substituent constant for the 
methoxy group differs significantly from (T- (see section II.A.l). 

When the methoxy substituent is insulated from the aromatic ring, 
only its inductive effect can be relayed to the reaction centre. The ex- 
pected acceleration has been observed in the reaction of I-chloro-2- 
nitro-4-X-benzene with methoside ionslGO; a change of the sub- 
stituent (X) from a methyl to a methyl methoxy poup  increases the 
rate by a factor of 6.2. 

The reaction of bromoanisoles with potassium amide in liquid am- 
morLialG1 represents an interesting example of a process in which the 
orientation of the products is conti.olled by the - IeEect (;f the methoxy 
group directly attached to an aromatic ring*. The reactions proceed 
via a benzyne intermediate (194 and 195) ; proton removal from the 
bromoanisole is rate-determining. Thus o-bromoanisole (191) reacts 
via the intermediate 194 which only forms m-anisidine (196), possibly 
because of steric hindrance to attack by NH,- at the ortho position. At 
first sight, the reaction of the m-bromo compound (192) could be 
thought to occur via either 194 or 195 but the formation of 194 is 
favoured since the acidity of the aromatic hydrogens is controlled by 
the -I effect of the methoxy group and will therefore be greatest for 
the least separation. In  agreement with this prediction 192 yields the 
same product (196) as 191 while the p-bromo compound (which can 
only form the intermediate 195) produces roughly equal amounts of 
m- and p-anisidines (196 and 197). 

The rates of reaction of substituted pentafluorobenzenes (198) with 
methoxide ions follow the same sequence as the proportions of :he 
meta isomers producedlG2", namely, X = H > Me > M e 0  > 0-. 
Pentafluoroanisole (198 where X = Me01 gives 50% para, 35% meta, 
and 15% ortho while its chlorinated analogue, pent2- 
chloroanisole, shows 70% meta substitution and very little reaction at 
the para position162b. These results have been interpreted in terms of 

been inciuded in this section for convenicncc. 
* Strictly, this reaction is not a nuclcophilic aromatic substitution but it  has 
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OMe 

OMe I /' 

6 B r  (192) 

OMe 
I 

OMe 

(?.Q6) 

I I 
Br N Hz 

the effect ofthe substituent on the stabilities of the ini!ial and transition 
states 162c. 

5. E/ectrsphi/ic Reuctions in [ifon-aromctic Systems 

No new features arise when the effect of alkoxy groups on ratesof 
electrophilic aliphatic substitution is considered. The process should be 
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accelerated by substituents which promote additional electron dis- 
placements towards the reaction centre, as observed in the iodo de- 
meicuration x3 of paru-substituted benzylmercurihalides (199) where 

p-XCeH,CH,HgHal + I, --+ p-XCoH,iCH,I + HglHal 

(199) 

kivIeo/kH has a value of about eleven. The conjugative electron release of 
the methoxy group into the aromatic ring is relayed inductively to the 
site of reaction, as in many other electron-demanding processes. Ab- 
normally, a p-nitro group also shows an accelerating effect but this has 
been ascribed to a change of reaction mechanism; 

Similarly, electron-releasing substituents (X) should facilitate the 
hydration of phenylacetylenes (200) to give the corresponding aceto- 
phenones (201) since the reaction proceeds via the rate-determining 

addition of a proton (202). The resultsle4 show the expected accelera- 
tion by a pmethoxy group and retardation by m-methoxy, but 0- 

methoxy also retards the reaction although appreciable steric effects 
would not have been anticipa.ted : 

X (in 200) &Me0 m - M e 0  o-Me0 
X - X l k H  950 0.52 0.52 

The addition of trifluoro acetic acid to 5-methoxy-1-hexene also in- 
volves a rate-determining protoiiation (203). The substituent should 
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retard the reaction by the operation of the - I  effect, but the observed 
relativc rate (khleO/kH .--. 0.3) has been considered to be larger than 
expected and anchimeric assistance by the inethoxy group has there- 
fore been postulated l(j5, with a contribution from structure 204 to the 

I 
Me 

(304) 

transition state. Although a large decrease in rate resulting from a - I  
effect would not be anticipated when the methoxy group is so far re- 
moved from the reaction centrc, the argument for neighbouring-group 
participation is strengthened by the fact that 5-methcxy-1-pentene and 
6-methoxy-1-hexene react at the same rate165. The effect of i? non- 
participating substituent should decrease with increasing distance and 
the results have been considered to suggest that a favourable methoxy-5 
participatian partially counteracts the inductive rate depression. 

A 4-alkoxy group in 1-cyclohexene (205a) induces stereospecific 
addition a t  the double bond. The product (205b) of the reaction with 
mercuric acetate in methanol leads to the trans-l,4+dialkoxy compound 
( 2 0 5 ~ )  on reduction, presumably becausc the Lewis base group (RO) 

AcOHg 

MeO” 
(2054 (205b) (205c) 

at the 4-position assists the formation of the intermediate organo- 
mercury complex in which the mercuric salt is held at  the same side as 
the Lewis base group 166a. 

The rate-determining step (206a-+206b) in the acid-catalyzed 
hydrolysis of 9-diazofluorenes is considered to involve proton transfer 
to the reaction centre166b; the valence-bond form 20th is one of the 
contributors to the structure of the substrate. Although the behaviour 
of 2- and 4-substituents in fluorene generally parallels that of the nzeiu 
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groups in the phenylmethyl systems, the reaction is accelerated by the 
introduction of 2-alkoxy groups and only retarded verj  slightly by 
4 - r n e t h o ~ y ' ~ ~ ~ . ~ :  

Substituent H 2-Me0 2-Et0 4-Mc0 
k (rel.) 1.00 1-57 1 -73 0.97 

Direct conjugation of the substituent with the reaction centre (as in 87) 
would not facilitate hydrolysis but structures such as 207a and 207b 

+ OMe 

-+ OMe @ 
+N +N 

Ill 
N 

I l l  
N 

(20ia) (207 b) 

could help to localize a negative charge at  thc reaction centre, as 
opposed to other positions in the cyclopentadiene ring (cf. reference 
166~) .  This corresponds to a stabilization of the transition state by a 
second-order relay of conjugative electron donation. On this inter- 
pretation, the results are consistent with the different capacities of 
ethyl and methyl groups for electron release (cf. section VI.B.3) and 
with the different stabilities of o- and f-phenonium ions (section 
VI.B.l, see also reference 166d). 

C. Reactions involving Radicals 

The attack of radicals on anisole usually occurs at the ortho and para 
positions 167. Similarly, the piperidino radical (208) derived from the 
chloramine (209) shows no reaction with benzene or with derivatives 
containing electron-attracting substituents, but it attacks anisole and 
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m-methoxyanisole a t  those sites to which electrons can be supplied 
(ortho and para to the methoxy group) 168. The polar requirements of 

Q 0 I 
CI 

(209) 

homolytic aromatic substitution are, however, ambiguous since 
methoxy and nitro substitution in benzene both facilitate the reaction 
with phenyl radicals, by factors of 2.5 and 4-0, r e s p e c t i ~ e l y ~ ~ ~ .  

No such ambiguity arises in the side-chain halogenation of sub- 
stituted toluenes (2110) which is accelerated by electron-releasing 

substituents and retarded by electron-attracting groups. The introduc- 
tion of a p-methoxy group increases the rate of reaction with bromine, 
N-bromosuccinimide, and its tetramethyl and tetrafluoro derivatives 
about 10-fold 170. All these reactions show virtually the same selectivity 
and gave good correlations with o+ for a variety of substituents. 
Similarly, photobromination with BrCC1, showcd the acceleration by 
p-methoxy (k/k, = 14-2) and the retardation by m-methoxy (k/k, = 
0-87) expected in an electron-demanding reaction171, and analogous 
results were observed for the effect of the phenoxy group on the ratcs 
of chlorination with chlorine radicals 172: 

Substituent H p-PhO m-PhO 
k (rel.) I .oo 2-50 0.86 

A polar transition state involving proton abstraction by C1,C. and 
stabilized by electron-releasing substituents in the aromatic ring was 
postulated for the photobromination 17' in view of the good correlation 
of the results with a+. 

A greater facility for electron release in radical reactions than would 
have been expected from studies of heterolytic processes has been 
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noted for rn-methoxy in the decomposition of benzoyl peroxides and its 
initiation of polymerization 43 ; thc enhancement corresponds to a 
stabilization of approximately 0.3 kcal/mole. More impressively, the 
radical (211) forined by the polarographic oxidation of m-anisidine is 
subject to an additional stabilization of 1.i kcal, probably because of 
contributions from structures such as 212. The radical formed from p-  
anisidine shows the stabilization expected when the methoxy group is 
conjugated to an electron-deficient site. 

MeO' 

The ortlro Claisen rearrangement of ally1 phenyl ethers (213) to form 
o-allylhydroxybenzenes (214) is also facilitated by electron release to- 
wards the reaction centre. para substituents give a fairly good correla- 
tion with D +  but the accelerating effect ofp-methoxy is greater than the 

retardation caused byp-nitro, and p is numerically small ( - 0.61j173*174. 
As expected, p-ethoxy facilitates reaction a little more than p-methoxy 
but the e&ct of m-methoxy is actually greater than that of the para 
substituent 174 : 

X l-EtO P-MeO m - M e 0  l - N O z  
k x h  3-15 3.0 1 3-24 0.59 

The observations can be explained175 in terms of homolytic fission 
of the 0-C linkage in the initial step to produce the two radicals (215). 
These radicals will be stabilized by contributions from structures like 
216 and 21'7, and it can be seen that p-methoxy facilitates the initial 
bond-fission (via 216) but has little effect on the product-forming step 
which requires a contribution from 217. A m-methoxy substituent in 
218 is, however, in the para position with respect to product formation 
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and can therefore facilitate this step by a contribution from structure 
218. 

(215) (216) 

CH 
/ 

'C H, 'CH, 

The similar .rearrangement of substituted cinnamyl-p-tolyl ethers 
(219) also shows a reasonably good correlation with of for the para 

a p- Me C,H,0CH2,CH=CH 

substituents (kp-Meo/kH x 2-8) but m-methoxy has virtually no effect 
on the rate 176. The accelerating effect off-methoxy could arise from a 
contribution of structure 220 to the transition state of the initial bond- 

breaking step. No similar contribution arises for the nt-rnethoxy de- 
rivative which is presumably too far removed from the reaction centre 
to affect the rate by its - I  effect. 
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v .  THE KINETICS OF THE COMBIXATION OF METHYL RADICALS WITH 

1. INYRBBUCYION 

Studies of the 2yrolysis of organic ethers have been largely confined to 
the smaller molecules. .Kineticis& have conducted much research over 
the years in atiempts to elucidate the n.ature of the elementary pro- 
cesses that occur in organic pyrolyses. The investigations of the thermal 
decompositions of simple hydrocarbons, simplc aldehydes and ketones, 
as well as snch ethers as dimethyl and diethyl ether, have yielded 
much information about the na.ture of free-radical reactions. The over- 
all kinetics of gas-phase pyrolyses are usually simple to study experi- 
mentally, but the problem of investigating the elementary processes 
which occur in such systems has been exceedingly difficult and challeng- 
ing. 
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This revicw will be mainly concerned with the simple ethcrs (since 
the bulk of the research is in this area) and with some work on higher 
ethers where data are available. The pyrolyses of epoxy compounds 
are not included since tliese could be considered in a class by them- 
selves, at least insofar as the mechanisms of their thermal decomposi- 
tions are concerned. 

I t  was assumed for a long time that the pyrolyses of organic com- 
pounds were totally molecular in nature. When the presence of free 
radicals in these decompositions was confirmed by the mirror tech- 
nique, explaining the observed simple kinetic laws presented a baffling 
problem. In  1934 Rice and Herzfeldl showed, however, that most of 
the experimental data for such decompositions, including the fact that 
they are frequently of simple orders, could be explained in terms of 
com$ex free-radical mechanisms. 

The view that part of the decomposition was molecular was onb&- 
ally taken by Hinshelwood and his studcnts. This idea came about as 
a result of their work on the inhibition of organic pyrolyses. Inhibitors 
such as nitric oxide and certain olefins, added in very small quantities, 
decreased the rate to a fraction of the rate in the absence of inhibitor, 
and the residual reaction was thought to be purely molecular. Evidence 
has accumulated since that time, however, to indicate that even the 
inhibited decompositions are also mainly free-radical processes. The 
evidence fcr these conflicting conclusions is rcviewec! by Stubbs and 
Enshelwood and by Wojciechowski and Laidler 3. More recent work 
provides further support for free-radical inhibited decompositions 4. 

Investigations of inhibited pyrolyses are of interest in themselves, and 
often they provide clues to the nature of certain elementary reactions 
which occur in the uninhibited decompositions. This is also sometimes 
true of certain effects observed when other additives such as accelerat- 
ing agents (H,S, CH3SH, HC1, etc.) are investigated. For these reasons 
a review of ether pyrolyses must necessarily include at  least a brief dis- 
cussion of the effects of additives. The present review, however, will 
deal mainly with the uninhibited decompositions, work on the effects 
of additives being dealt with only insofar as it throws light on the 
pyrolyses of the pure compounds. 

II. DIMETHYL ETHER 

Dimethyl ether undergoes pyrolysis at a convenient rate in the tem- 
perature range 500-550", and the process has been studied in great 
detail by many workers. A thorough review of this reaction based on 
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investigations carried out prior to 1953 is given. by Steacie5. The 
fGrmatioIi of the main products can be represented by equation (1). 

(1) 

The concentration of formaldehyde builds up in the system and goes 
throligh a maximum when the reaction is about half complete. 

More recently Benson discussed earlier work on the decomposition 
and concluded that the overall order was three-halves with respect to 
ether, and not first order as had previously been thought. Benson and 
Jain confirmed this experimentally and obtained a rate coefficient 
given by (2). They found that added inert gas had very little effect. 

(2) 

The decomposition mechanism postulated by Benson and Jain con- 
sisted of first-order initiation , and termination involving two ,3 radicals. 
A ,!2 radical is one which is involved in second-order propagation 
reactions, and examples are hydrogen and methyl radicals. The p 
r.rdicals, on the other hand, undergo first-order propagation reactions. 
These definitions were first suggested by Goldfinger and coworkers ', 
who pointed out that the overall order of a free-radicai reaction 
depends on the orders of the initial and termination processes. Their 
general conclusions have been summarized by Laidler, Sagert arid 
Wojciechowski9 and are shown in Table 1. Benson and Jain7 sug- 
gested that the decomposition of the methoxymethyl radical was in its 
pressure-dependent second-order region. Also, Anderson and Benson lo 

CH30CH3 -----+ CHI +. CHzO CHI + CO + HZ 

k = 1.3 x 1015 e-55.600/RT cc?/mole+ sec 

TABLE 1. Overal orders of reaction for various types of initiztion and termina- 
tion reactionsa. 

First-order initiation Second-ordcr initiation Overall order 
- 

Simple 'Third- body Simple Third-body 
termination termination termination tcrmination 

2 

1 

0 

3 .- 
PP 

PP PP PPM 
PP PPM PP PPM 
PP PPM CWM ?l 

PPM 

a M represents a third body; &3&1, for example, means that the termination reaction between 
t\\'og radicals is in its third-order region, where the rate is proportional to the concentration of the 
third body. 

(j* 
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found CH,OC,H, and CH,OCH,CN,OCH, in the products of the 
decomposition, though in much smaller quantities than predicted. 

Imai and Toyama l1 pyrolyzed dimethyl ether in the temperature 
range of 360-440". Their overall rate coeficient (equation 3) agreed 

I<. J. Laidlcr and D. J. McKenney 

well with that obtained by Benson and Jain7. McKenney and 
Laidler's l2 study of the uninhibited thermal decomposition of dimethyl 
ether in the temperature range of 500-550" and the pressure range of 
approximately 100-700 mm Hg yielded an overall rate coefficient 
given by (4). The value for the activation energy is in good agreement 

k = 2.98 x 1014 c-54-  cc+/mole* sec (4) 

with the values obtained by previous workers, as quoted above. The 
frequency factor, however, is significantly lower than those obtained 
previously. This may be due to the different method used by McKenney 
and Laidler l2 in conditioning the reaction vessel. These workers aIso 
showed by isotope-mixing studies that the decomposition occurs 
almost entirely by a free-radical chain process. 

A considerable number of mechanisms have been suggested for the 
decomposition of dimethJ.1 ether. Rice and Herzfeld proposed 
Scheme 1. In  the terminology of Laidler, Sagert and Wojciechowski 

CH3 + CH3 CZHB 

SCHEME 1. 

this mechanism is of the '/?& type; initiatiofi is first order and there is 
simple termination of the @ type. The corresponding rate equation is 
given by (1 1). As matters stand at the present time, this may well be 
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the correct mechanism. The scheme agrees with experiment in pre- 
dicting no inert-gas effect. Benson and Jzin 7, however, rejected this 
mechanism on the grounds that the ovcrall frequency factor and 
activation energy could not be obtained by introducing the appro- 
priate values fork,, k, and klo. The most reliable values for E,, EG and 
Elo, however, would seem to be 87, 9.5 and 0 kcal, respectively, and 
these lead to an activation energy of 53.0 kcal, which is in satisfactory 
agreement with McKenney and Laidler's activationenergy of 54.9 kcal. 
Satisfactory agreement can also be obtained for the frequency factor, so 
that it does not appear that Benson and Jain's criticism is valid. 
Benson and Jain alternatively proposed that the chain-ending step is 
reaction j12), instead of (10); all other steps are the same, but they 

CH3 + CHZOCH3 CHjCH2OCH3 (12) 

regarded reaction (7) as being in its second-order region; it may be 
represented as (7a). The simplified Benson-Jain mechanism is given by 

M + CHZOCHJ - > CHZO f CHj + M ( 7 4  

Scheme 2. Reaction (13) was also considered to occur, but to a lesser 

CH30CH3 CH3 + CH30 (first order) ( 5 )  

(6) 

( 7 4  

(8) 

(9) 

CH3 + CHz0CH3 CH3CHzOCH3 (second order) (12) 

CH, + CH3OCH3 + CH, + CH2OCHS 

M + CHzOCH3 __f CHzO + CH3 + M (second order) 

CH30 - z CH,O + H 

H + CH3OCHj A Ha + CH2OCH3 

SCHEME 2. 

2 CH2OCH3 CH30CHZCHZOCH3 (13) 

extent than (12). This scheme is of the '/I/?; type, and the rate law 
it leads to is given by equation (14). I t  predicts a positive inert-gas 

effect, since the rate of (7a) is increased by addition of inert gas, and 
this is in disagreement with the fact that inert gases havc little effect 
on the overall rate. 
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It may be notcd that three-halves-order cverall kinetics are also 
obtained if the orders of reactions (5) and (?a) arc reversed, i.e. if the 
reactions are (5a) and (7). Iilitiatiqn is now second order and the 

M + CHjOCH3 + CH3 + CHjO + M (54 

CH20CH3 -+ CHZO + C i i s  (7) 

rxthoxymethyl radical is a p radical; this again gives rise to three- 
halves-order kinetics (2ppt), and predicts a positive inert-gas effect, in 
disagreement with experiment. 

Anderson and Benson’s lo analytical investigations of the trace 
termination products of the pyrolysis failed to establish unequivocally 
which of the possible termination reactions is the most important. This 
information is vital to the understanding of the nature of the initiation 
process and the propagation reaction3. In an effort to resolve this 
difficulty Anderson and Benson l3 studied the hydrogen chloride 
catalyzed pyrolysis of dimethyl ether. Gaseous hydrogen chloride 
(3-16 mole yo) increased the rate of decomposition about tez-fold. The 
accelerated rate was independent of hydrogen chloride and was three- 
halves order with respect to ether. The products weie the same as in 
the uncatalyzed decomposition. Anderson and Benson l3 argued that 
if step (6) were replaced by a process which removed methyl radicals 
much faster than reaction (6), then reaction (7a) would become the 
slow step, whose rate would increase as the methoxymethyl radical 
concentration increases. If all the methyl radicals were converted into 
methoxymethyl radicals the maximum rate increase would be by a 
factor of two. If the acceleration were greater than two-fold, then re- 
action (6) must be slower than reaction (7a). 

Since the observed acceleration, presumably owing to replacement 
of reaction (6) by (15) followed by (16), was approximately ten-fold 

(i5) 

CI + CH30CH3 HCI + CHZOCH3 (16) 

thcy suggested that reaction (6 )  was much slower than the reaction (7a). 
Thus Anderson and Benson l3 conclude that the methoxymethyl 
radical cannot be the important chain breaker 2 s  in the scheme of 
Benson and Jain7. To support this argument Anderson and BensonI3 
assumed that since the results of the hydrogen sulfide catalyzed de- 
composition of dimethyl ether as studied by Imai and Toyamall were 
somewhat similar, the samc argument also applied here, 

CH3 + HCI + CH, + CI 
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Thesc obsei-vations and conclusions led Anderson and Benson l3 to 
reject reactions (12) and .(13) as significant terminators and to suggest 
new termination processes. They postulated that Tor the main part the 
rezctions (1 7) and (18) were the principal chain-breaking steps. 

CH3 + CHO - CHI + CO (17) 

CHO f CHO - > H z  + CO (18) 

McICenney and Laidler l2 disputed Benson and Jain's suggestion 
that the decomposition of thc ether radicaI (methoxymethyl) is in its 
second-order region. Benson and Jain's main reason for preferring the 
'/I/?+ scheme was that the apparent first-order frequency factor for re- 
action (71, as calculated by Trotman-Di~kenson'~ from the results of 
Marcus, Darwent and Steacie15aa, was - 1O'O sec-l; this is much too 
low to be a true frequency factor for a unimolecular dissociation which 
involves no chznge of multiplicity. An apparent way out of the diffi- 
culty is to suggest that the reaction is really in its second-order regior?. 
McKenney and Laidler12 expressed doubts as to the reliability of the 
experimental data from which the value of -lOIOsec-l was cal- 
culated. In  fact recent data from Anderson and Benson's m study of the 
hydrogen chloride catalyzed decomposition of dimethyl ether lead to a 
much higher value for the frequency factor for this reaction. According 
to these workers k, /k ,  z 0.1: which leads to an estimate of - 1015sec-1 
for A,. This value is fairly typical of a unimolecular decomposition in 
its first-order region. Anderson .r,d Renson 13, however, still prefer to 
consider reaction (7) to be second order. Other zrguments against this 
idea have been put forward by Mc'Kenney and Laidler 12. 

Recently Loucks and Laidler 16b have investigated the thermal de- 
composition of the methoxymethyl radical and have found that the 
decomposition is pressure dependent over the pressure range 3-600 mm 
at  temperatures of 200-300". The order of the decomposition varies 
from about four-thirds at the higher pressure to about three-halves at 
the lowcr pressures. The extrapolated first-order rate coefficient for the 
methoxymethyl radical decomposition is given by equation ( 182). For 

k = 1.0 x 1013 e-25.500/RT set-1 j18a) 

pressures used by Benson and Jain7 .(35-400 mm), Anderson and 
Bensonl O (50-400 mm), and McKenney and Laidler l2 (100- 
700 .mm) , the decomposition of the methoxymcthyl radical would 
therefore not be second order. This work suggests that reaction schemes 
based on a first-order decomposition of the methoxymethyl radical 
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more accurately describ:: the overall reaction, although they arc in- 
valid to the extent of the increased order of the decomposition of the 
methoxymethyl radical. The matter is clearly somewhat more com- 
plicated than originally envisaged. 

Important information concerning the order of the initiation process 
came about as a result of the study of the hydrogen sulfide catalyzed. 
decomposition of dimethyl ether 16. This reaction was first investigated 
by Imai and Toyamall. Ether coiitaininq as much as 67% of hydrogen 
sulfide was decomposed over the temperature range of 360-44.0”. 
Iinai and Toyama observed an acceleration, the rates increasing to a 
plateau with the addition of hydrogen sulfide and remaining con- 
stant over a range of concentrations. They suggested that the catalytic 
effect of hydrogen sulfide is essentially due to the fast reaction of 
methyl radicals with hydrogen sulfide, with the production of mercapto 
(SH) radicals which in turn abstract h.ydrogen atoms readily from the 
substrate. Thesc reactions are suggested to be faster than the reaction 
between methyl radicals and the substrate. The mechanism suggested 
for the reaction in the presence of sufficient hydrogen sulfide to ensure 
‘limiting’ acceleration is shown by Scheme 3. The rate equation to 

K. J. Laidler and D. J. McKenney 

CH30CH3 -+ CH, + C H 3 0  

C H 3 0  + H2S + C H 3 0 H  + HS 

CH3 + HZS - > CHd + HS 

CH30CH,  + HS w H2S + CHzOCH3 

(51 

( 19) 

(20) 

(21) 

CH3OCH2 CHzO + CH3 (7) 

(22) HS + HS __z Products 

SCHEME 3. 

which this mechanism leads is given by (23) and a three-halves-order 

dependence on ether concentration was obtained experimentally. They 
obtained an overall rate ccefficient given by (24). I t  is to be noted that 

(24) 

if reaction (22) is a combination reaction it would have to be, for such 

k = 1-82 x 10l5 e-51. 800/RT cc*/molet sec 
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small radicals, in its third-order region; if thc process is a dispropor- 
tionation reaction, however, leading to hydrogcn sulfide and sulfur, 
it may remain second order down to indefinitely low pressures. 

McKenney and Laidler16 extended the eiperimental study of this 
reaction to much higher concentrations of hydrogen sulfide (up to 
997; hydrogen sulfide) and to highcr temperatures (480-530”). Their 
results, illustrated in Figure 1 , agreed with those ofImai +nd Toyamall 

18- 
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16 - 
I5 - 
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,013- 

II 
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‘z l 2 -  
Y - 

Percent H2S 
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I7 - 
16 - 
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II 
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-J 
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FIGURE 1. The H2S-catalyzed decomposition of dimethyl ether. 

at lower concentrations of hydrogen sulfide. The rate coefficient for the 
reaction in the ‘plateau’ region is given by (25). At concentrations of 

(25) 

hydrogen sulfide greater than 75%, however (beyond the range studied 
by Imai and Toyamall), the rate increased further with added hydro- 
gen sulfide. I n  this region thc reaction was found to be first order in 
ether, and one-half order in hydrogen sulfide concentration. The ra.te 
coefficient for the reaction accelerated by very high percentages of 
hydrogen sulfide is given by equation (26). 

(26) 

To explain these observations it was necessary to rnodifjl the mechan- 
ism postulated by Imai and Toyamall. Their mechanism does not 

k = 1.06 x 1014 e-53.200/RT cc?/mole+ sec 

= 4-98 x 1014 e - 5 2 - 5 0 0 I R T  cc?/molei sec 
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predict :he dependence on hydrogen sulfide and the additiccal accel- 
eration obselived at  very high concentrations of hydrogen sulfide. The 
rate expression should involve two terms : one predicting three-halves- 
order behavior with respect to dimethyl ether and no dependence on 
hydrogen sulfide; Lk second predicting depcndence with respect to 
both hydrogen sulfide and dimethyl ether. 

McKenney and Laidlei l6 therefore suggested thc mechanism given 
in Scheme 4, where M represents a third body. Application of the 

M $- CH&CH, --+ CH3 + CH30 -!- M 

M + H & - - + H + H S + M  

H + CH3OCHj + H, + CHaOCH3 

HS + CH,OCH, + H,S + CH20CH, 

CHzOCHj + CH30 + CHj  

CH3 + H,S + CH, + HS 

M + CH30 - t CH,O + H + M 

t iS  + HS e H,S + S 
M + HS + HS - > HZSz + M 

SCHEME 4. 

steady-state treatment leads to the simplified rate expression given by 
equation (29). 

= k,, (2)’ [H,S]j [CH,0CH3] - d [CH,OCH,] 
dt 

+ k,, (2)’ [CH,0CH3]J (29) 

Reaction (27) 
hydrogen sulfide 

is unimportant until large relative quantities of 
are used. With reactions (27) and (9) omitted, the 

mechanism is essentially the same as that postulated by Imai and 
Toyamall. The rate in the ‘plateau’ region is therefore given by (30). 
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Substitution ofthe appropriate values in Table 2 yields (31), which can 

TABLE 2. Kinetic parameters for the dccomposition of dimethyl ether. -- 
Frequency factor 
(appropriate cc, Activation entigy 

Reaction mole, SCC units) (kcril/nic.le) Ref. 

1 x 10'8 
3 x 1011 
7 x 1010a 

1 x 10'8 
1 x 1012 
2.5 x 10l1 

7 x 10'4 

1 x 1014 

7 4 4  (cstirnated) 
9.5 

19.0 
- 13.5 (estimated) 

81.0 (estimated) 
13.0 (assumcd) 

- 5.6 (estimated) 
2.6 

12 
17 

14, 15a 
12 
16 
16 
18 
16 

a As mentioncd in the text, Anderson and Bcnson's13 data suggest that the frequency factor A ,  
should be approximately 10"jjscc. 

be compared to thc experimental value of 1.06 x 1014 e-53*200/RT ccb/ 
mole* sec. 

In the region of high percentages of hydrogen sulfide the rate is 
given by (32). Experimentally the reaction is one-half order with re- 

spect to hydrogen sulfide and first order with respect to dimethyl ether 
in this region, in agreement with this rate expression. The calculated 
rate coefficient given by (33) is in fzir agreement with the experi- 

(33) k,, (2)+ = 1.0 x 1014 e - 5 6 . 3 0 0 1 ~ ~  cc+/molc+ sec 

mental value of 4-98 x 10l4 e-52*t;oo/RT ccf/mole* sec. 
A very important conclusion arises from this study with regard to the 

order of the initiation reaction, in which the ether molecuIe dissociates 
into methyl and methoxy radicals. Consideration of the steady-state 
equations shows that the only apparent way to obtain the correct 
pressure dependence in both hydrogen sulfide and dimethyl ether is by 
having the initiation in its low-pressure second-order region. 
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This evidence appears to exclude Benson and Jain’s ‘/3& niechan- 
ism for the pyroiysis of the pure ether. I t  is consistent with a mechan- 
ism in which the chain-ending step involves the recombination of two 
f l  radicals, in the low pressure region (2/3flMz), and also with a ”/3p; 
mechanism. These are the only two possibilities if initiation is second 
order. The “,uI.!; mechanism would predict a substantial positive inert- 
gas effect since inert gases will increase the rate of initiation but will 
have no effect on the rate of termination. Experimentally there is only 
a very slight effect of inert gasess. This is predicted by a 2fl/IM, 
mechanism, since both initiation and termination are affected by the 
addition of an inert gas, and the two effects will approximately cancel. 

To decide on the most important termination step, McKenney and 
Laidler l2 calculated approximate rates of the following possible rc- 
actions. (Reactions (1 7) and (18) suggested by Anderson and Benson13 
lead to three-halves-order kinetics only if the initiation is first order.) 

(104 

( 1 2 4  

(134 

(34) 

The calculations indicated that reaction (10a) is the most important 
termination step, but the other reactions cannot be excluded entirely. 
Initially the concentration of formyl radicals must be much less than 
that of methyl radicals, so that reaction (34) must be unimportant. 
As decomposition proceeds, however, reaction (34) may become an 
increasingly important termination step. 

These considerations lead therefore to the simplified Scheme 5. 

CH3 + CH3 + M w CnH6 + M 

CH3 + CtizOCH3 + M + CH,CH,OCH, + M 

2 CHZOCHj + M + CH3OCHZCH,OCHj + M 

CH3 + CHO + M u CH3CH0 + M 

M + CH30CH3 - > CkI3 + CH30 + M 
CH3 + CH30CH3 - > CH.1 + CHZOCH3 

( 5 4  

(6) 

(7) 

(Aa) 

(9) 

CH20CH3 + CHzO + CH3 

M + CH30 + CHzO + H + M 

H + CHjOCH3 + H, + CHzOCH3 

CH3 + CH3 + M CZH, + M 
SCHEME 5. 

Application of the steady-state treatment to this mechanism leads to 
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equation (35) for the overall rate. Substitution of the appropriate 

= k6 r&)* [CH30CH3]z d [CH30CH3] 
dt 

- (35) 

values from Table 2 leads to equation (36). This is in fair agreement 

with the experimental value of 2.98 x lo1* e-54-900/RT cc:/mole* sec 
considering the long extrapolation required to calculate the lotv- 
pressure rate coefficients for the initiation and termination steps. 

Additional evidence relating to the order of the methyl radical com- 
bination is discussed in section V. 

119. BIETHYL ETHER 
The pyrolysis of diethyl ether can be represented by the stoichiometric 
equations (37) and (38). At the usual pyrolytic temperatures ( - 600O) 

CZHSOCzH5 + CZHSOH + CzH4 (37) 
CZHGOCZH, + CHaCHO + CZHo (38) 

the acetaldehyde and ethane decompose further into methane, carbon 
monoxide, ethylene and hydrogen. The decomposition of diethyl ether 
has been studied by many workers (see Steacie5), most recently by 
Freeman19. 20, Freeman, Danby and Hinshelwood21, Danby and 
Freeman22, Long and Skirrow 23 and Laidler and McKemey 24. 

Danby and Freeman22 have carried out a thoiough analytical study of 
the pyrolysis at 525". In the pressure region of about 400-1600 mm the 
reaction was found to be three-halves order, but below 400 mm the 
order decreased. The free-radical mechanism postulated by Freeman 3o 

can be written as Scheme 6.  After some approximations the steady- 
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state treatment led to a rate expression predicting: first-order depen- 
dencc on ether. In  order to explain the three-halves-order behavior at 
high pressures it was assumed that the rate for the initiation reaction 
eventually takes the form of equatioii (47), where A,  B and C are con- 

k =  +.[MI 
1 + B[M] (47) 

stants, and M represents the ether molecule. When this is substituted 
into the rate expression, the mechanism predicts three-halves-order 
dependence at high pressures of ether. This assumption is based on an 
empirical relationship derived by Jach and Hinshelwood 25 to explain 
the shapes of the rate-pressure curves for thc decomposition of paraf- 
fins in the presence of inert gases. Some of their experimental data 
have been shown to be of questionable validity26, and the form of the 
rate coefficient (k) in equation (47) is therefore probably erroneous. 
This would irwalidate the mechanism suggested by Freeman 20. 

Danby and Freeman22 found that the ethanol formation was not in- 
hibited by nitric oxide, and from this they concluded that the process 
giving rise to ethanol and ethylene is a molecular one. Laidler and 
M ~ K e n n e y ~ ~ '  27 arrived at the same conclusion. The reaction leading 
to acetaldehyde and ethane, on the other hand, is concluded to be 
almost entirely a free-radical chain process. 

The uninhibited thermal decomposition of diethyl ether was studied 
from 560 to 620", and at pressures ranging from 15 to 370 mm Hg, by 
Laidler and McKenney2*. They also investigated the reaction in- 
hibited by nitric oxide, in the temperature range of 560-640", and at 
pressures bctween 10 and 360 mm Ug27. Some of Laidler and 
McKenney's 24 data for the uninhibited decomposition of diethyl ether 
are shown in Figure 2, which shows double logarithmic plots of rate 
against ethcr pressure. All of the lines have slopes between 1.2 and 1.3. 
Freemanzo working at 525" has shown that the order becomes 1.5 at 
high pressure. This increase in order ha: also been demonstrated by 
Fletcher and Rollefson 28 at 52 1 ". Laidler and McKenney 24 therefore 
suggest that the overall rate expression involves at least two terms, each 
corresponding to a different order. The mechanism suggested leads to 
a somewhat complex rate expression. (as will be discussed later) but 
the behavior predicted is closely represented by an equation of the 
form (48), where M represents ether. The rate constants k, and k ,  

(48) u = (k, + k,) [MI + k'[M]' 
relate to molecular and free-radical reactions, respectively. 
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In order to see whether the results are consistent with this equation, 
plots were made of u / [M]  against [M]*, and Figure 3 shows the results 
of such piots. The intercepts (equal to k, + k,) and the slopes (equal 
to k' ) are tabulated in the originai paper 24. As will be discussed later, 
the first-order component of the reaction consists of both a molecular 
reaction and a free-radical reaction. A proccdure for obtaining the 
rate coefficients k, for the molecular reaction, involvkg inhibition by 
nitric oxide, is explained later. Values of k,, obtained by subtracting 
these k, values from k, + k,, are plotted in Figure 4 against I /  T. The 

FIGURE 
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for each 

uncertainties are shown for each temperature. The rate coefficient de- 
rived from this plot and corrected by the factor detherldp = 0.84, 
which relates the true ether conccntration changes to the pressure 
change, is given by equation (49). Similarly, an Arrhenius plot for the 

k, = 1.4 1012 e - 5 7 . ~ ~ ~ / ~ ~  sec-i (49) 

three-halves-order componcnt of the reaction led to equation (50). 

k' = 4.8 x 1012 e-47.400/RT cci+/molza sec (50) 

The mechanism of the reaction is discussed in detail by Laidler and 
McKenney 24 .  Their arguments, based on their own experimental 
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kinetic data and the analytical work of Freeman and coworkers19-22, 
led to the simplified reaction Scheme 7. Reaction (39m) is a molecular 

reaction perhaps proceeding through a four-center transition com- 
plex (1) 19. Reaction (39), leading to an ethoxy and ethyl radici?!, is 

I ! :  
H H :  

H-C ............ C .... H 
H ‘ H  I 

considered to be a unimolecular reaction in its first-order region. The 
alternative reaction (58) leads to exactly the same products under 

CZH,OCzH, CH3 + CHzOCHzCHj (58) 

pyrolytic cmditkrrs, ar?d it has coxequently not been possible to dis- 
tinguish between the two possibilities. 

Abstraction of a hydrogen atom from the ether molecule leads to 
either CH2CH20C2H, or CH3CHOC,H5. The analytical and kinetic 
data summarized by Laidler and lMcKenney2* clearly showed that the 
CH2CH,0C2H, radical is less reactive than the CH,CHOC,H, 
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radical. The former radical decomposes to yield CzH50 and CzH4 
(reaction 56). The ethoxy radical cou!d possibly abstract a hydrogen 
atom to form ethanol, but hxmochemicai cvidence 2 4 *  29 suggests that 
the breakdown of the ethoxy radical by reaction (42) is strongly 
favored. Hence most of the ethanol is pxduced by a molecular reac- 
tion (39m), in agreement with Danby and Freeman’s 22 conclusion. 

Because of its relative stability the CRzCH,0CzH5 radical can 
probably abstract a hydrogen atom to form CH,CHOC,H5. This 
corresponds to the transfer reaction (55 j . Hence CH2CH20C2H5 
is both a /3 and a p radical. Alternatively, the CHzCHzOCHzCH3 
radical may isomerize into CH3CHOCH,CH3 via a five-membered 
cyclic intermediate (2). 

H\ /H 
li \Ao 
H’ ’-. / fi ...... C-H 

/ 
H-C 
H’ ‘H 

(2) 

The recombination of CHzCHzOC2H5 radicals is unlikely for steric 
reasons and Laidler and McKenneyZ4 therefore assume that the pre- 
dominant chain-ending step is reaction (57). 

The overall rate of disappearance of diethyl ether is given, after 
some approximations, from the steady-state treatment by equation (59). 

At high concentrations of ether the limiting rate expression is given 
by equation (60), whereas at low concentrations the kinetics are first- 

k39k55 * 
Uhlgh = (k51  $- ‘ 5 2 )  (G) 

order, the rate expression being equation (61). The experimental 
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three-halves- and first-order rate coefficients, being extrapolatcd values, 
can be approximately identified with thc rate coefficients in these 
equations. Substitution of known and estimated activation energies for 
elementary reactions from reference 24 yields activation energies in 
good agreement with the experimental values. 

A thorough investigation of the thermal decomposition of diethyl 
ether maximally inhibited by nitric oxide was made by Laidler and 

FIGURE 5. Plot for the thcrma1 decomposition of dicthyl ether maximally in- 
hibited by NO showing the variation in the order with respect to ether. 

McKenney 27. The results were particularly interesting and useful in 
this case since they allowed the determination of the value of the rate 
coefficient for the molecular reaction (39m). About 7 mm of nitric 
oxide gave the maximal inhibition and as the nitric oxide pressure was 
increased beyond about 4C mm the rate increased linearly. Figure 5 
shows double logarithmic plots of initial rate against diethy1 ether 
pressure for the reaction maximally inhibited by nitric oxide. These 
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plots show that the order with respect to ether varies between one at 
high temperatures and low pressures to three-halves at low tempera- 
tures and high pressures. Laidler and M-cKenncy27 proposed a chain 
mechanism in which nitric oxide is involved in both initiation and 
termixation. Their scheme led to an expression of the form given in 
equation (62). The term k , [ M ]  corresponds to the molecular reaction 

ZJ = k,[M] + k"[M]' + k"[M][NO] (62) 

leading to ethano! acd ethylene and is of course identical to the re- 
action in the absence of nitric oxide. The term k"[M][NO] is respon- 
sible for the increase in  rate at high pressures of nitric oxide. From a 
study of the reaction in this region by Staveley and Hinshelwood 30 the 
value ofk" was obtained. Laidler and M c K e ~ n e y ~ ~  were therefore able 
to plot u/[M] - k"[NO] against [MI* and so obtain k ,  and k" at tem- 
peratures between 560 and 64.0" (Figure 6). Arrhenius plots led to the 

n 
52 
x 

1 1 
[M]F (rnrnz) 

FIGURE 6 .  Plots to determine k, and k" at  temperatures between 560 and 640". 

for the molecular reaction is rather high (as compared with vibrational 
frequencies) but is in line with thc values for a large number of other 
unimolecular decompositions 31. 
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flV. O T H E R  ETHERS 
Steacie summarized briefly the work done prior to 1953 on the ethers 
listed in Table 3. In every case the overall mechanism is uncertain. 
Later work is equally fragmentary, with a few exceptions. 

TABLE 3. Ethers studied prior to 1953". 

Ether Free radicals present Inhibited by nitric oxide 

Methyl ethyl 
Ethyl propyl 
Dipropyl 
Methyl butyl 
Vinyl ethyl 
Divinyl 
Vinyl ally1 
Diphenyl 
Dibenzyl 
Dioxane 
Tetrahydrofuran 
Dioxolane 
2,2'-Dichlorodiethyl 
Phenyl mcthyl 

YeS 
Yes 
Yes 
Yes 

Yes (zbove 537") 
Yes 
No 
Yes 
Yes 
Yes 
Yes 
YCS 

(Probably) 
Yes 

Yes 
YCS 
Yes 
Yes 
No 

No 
- 

Yes 
No 
Yes 

~~ ~ ~~ ~~ ~ . 

" Brief summaries arc given by Stcacicr5. 

Thomas 32 investigated the thermal decomposition of 1-chloroethyl 
methyl ether (reaction 65) over the temperature range of 180-250" 

CHSCHCIOCHS + CHZ=CHOCH, + HCI (65) 

and the pressure range of 33-420 mm Hg. The reaction appears to be 
typical of the pyrolysis of alkyl chlorides and there is no evidence of a 
C-C or G O  bond split. The decomposition is homogeneous and 
first order. The measured rate coefficient for this reaction is given by 
(66) .  After 3540% decomposition there is an appreciable decrease in 

k36 - - 2.90 x 1011 e-33,300/RT sec-1 (66) 

the first-order rate, and this is attributed to the reversal of the reaction. 
The decomposition is nnt inhibited by cyclohexene. 

Recently Stimson and W a t ~ o n ~ ~ . ~ *  pyrolyzed t-butyl methyl ether 
in the presence of hydrogen bromide. Between 258 and 371" the 
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major part of the reaction is thc homogeneous decomposition into iso- 
butenc and methanol (reaction 67). The presence of methyl bromide 

t-C.IHoOCH3 + HBt __f i-C4Ho + CH30H + HBr (67) 

is suggested to be due to a subsequent reaction (probably hetero- 
geneous) between the methanol and hydrogen bromide (reaction 68). 

CH30H + HBr - > CH,Br + HzO (68) 

Trace products in the decomposition included isobutane and per- 
macent gases. No attempt is made to write a detailed mechanism, 
though Stimson and Watson33 suggest that the isobutane is probably 
formed by free-radical reactions such as those shown in Scheme 8. The 

tGH90CH3 __f t-CdHg -!- CH30 

t-C,H,OCHa _j t-C4Ho + Other prcducts 

(69) 

(70) 

(7 1) 

t-C,H, + t-CdHoOCH3 - i I-C,H,, -+ t-C,H,OCH, 

SCHEME 8. 

rate of disappearance of t-butyl methyl ether is given by (72) and (73). 

u = k[t-C,H,OCH,][HBr] 

k = 6.7 x loll e-25.Coo'RT cc/mole sec (73) 

Elkobaisi and Hickinbottom 35 thermally decomposed a series of 
aromatic ethers. The mechanisms are undoubtedly complicated as is 
evident from the variety of products. The pyrolyses were carried out by 
heating the ether (alone or in a suitable solvent) at 250-270" for 
periods ranging from 10 to 17 days in sealed tubes. Generally not all of 
the products could he identified. 

Benzyl phenyl ether yielded such major products as 0- and p- 
benzylphenols and 2,4--dibenzylphenol with some phenol, toluene and 
9-phenykanthen. Diphenylmethyl phenyl ether formed tetraphenyl- 
ethane, phenol and some diphenylmethane. 0- and p-tolyl, 2,4-di- 
methylphcnyl and 2,6-dimethylphenyl benzyl ethers also produced 
toluene and the corresponding xanthen. 

Elkobaisi and ~Yickinbottom 35 concluded that the reactions proceed 
by a free-radical mechanism. Thus in the presence of the solvent 
quinoline, benzyl phenyl ether produces benzyl and phenoxy radicals, 
since both benzyl and phenoxy substituted quinolines were found in 
the products. Similarly benzyl 2,4,6-tnmethylphenyl ether when 
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heated alone or in quinoline produced lY2-diphenylethane as one of 
the products. They therefore concluded that free benzyl radicals were 
produced. 

A similar cGmplex and little understood mechanism probably occurs 
in the gas-phase pyrolysis of 2,2'-dibenzoyloxydiethyl ether. This ether 
was decomposed bctween 450 and 500" by Iengar and R i t ~ E i e ~ ~ .  By 
means of chemical and infrared spectroscopic analytical methods the 
following products were identified : carbon monoxide, carbon dioxide, 
acetaldehyde, methane, benzoic acid and anhydride, benzene, vinyl 
benzoate, styrene, acetophenone, ethylene dibenzoate, vinyl ether, 
acetylene and traces of ethylene. The major products can be accounted 
for by Scheme 9. Iengar and R i t ~ h i e ~ ~  stress that free-radical me- 
chanisms undoubtedly operate in at least some stages. 

BzOCH&H~OCH~CH~OBZ + [BzOCH,CH~OCH-CH~] + BzOH 

BzOCH=CH, + MeCHO 

CH,OBz CHzOCH=CHa + )  I 
CHZOCHCHS 

[BzOCH3CHaOCH=CH,] 
CHzOBz 

BzOH + CH,=CHOCH=CH2 

CHaOCH=CHZ 

CHZOCH=CHz 
I + M C H O  + CH,=CHOCH=CH, 

CH,=CHOCH=CH2 MeCHO 4- CH-CH 

SCHEME 9. 

Vinyl ethers have been studied in somewhat more detail. Blades37, 
using a conventional flow system with toluene as carrier gas, thermally 
decomposed isopropyl vinyl ether. In  the temperature range of 447- 
52 1 " the readon proceeds molecularly yielding propylene and acet- 
aldehyde. -4boye 570" there appears to be a minor free-radical re- 
action occurring as well. A rate coefficient of 3-8 x lo1' e-43.560!RT 
sec-l corresponding to the reaction (78) was measured. A similar reac- 
tion was presumed to occur in the pyrolysis of isobutyl vinyl ether3'. 

CH,=CHOCH(CH& __j CHjCti=CHz + CHaCHO (78) 

Here the major products are acetaldehyde and isobutene. Small 
quantities of propylene, propionaldehyde and fairly large quantities of 
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permanent gases (CO, H2 and CH,) were produced. Blades37 suggests 
a cyclic activated complex (3). 

(8) 

Molera and  coworker^^^-^^, in a series of papers, described experi- 
ments on the thermal decomposition of isobutyl vinyl and n-butyl vinyl 
ethers. Pressure-time curves were obtained over a range of tempera- 
ture (322-378.5") and of pressure (,., 50 to ,., 300 mm Hg). The anzlyti- 
cal results indicated the following products from the pyrolysis of 
isobutyl vinyl ether: methane, carbon monoxide, ethylene, propylene, 
isobutylene, acetic acid and polymers. Corresponding products are 
presumably obtained from the pyrolysis of n-butyl vinyl ether. Addi- 
tions of toluene, inert gases and nitric oxide do not inhibit the major 
part of the decomposition, but it appears that both inert gases and 
nitric oxide inhibit rhe poiymerization process. 

Molera and coworkers 38-40 conclude that the rcaction proceeds 
mainly by a molecular rearrangement through a hexagonal activated 
complex. (This is in agreement with Blades's37 suggestion.) A 
secondary free-radical chain reaction is bclieved to be responsible for 
the formation of the polymer, and the free radical: also induce the 
decomposition ojr the primary products. 

De Puy and coworkers 41. 42 include vinyl ethers among the examples 
of compounds which undergo pyrolytic cis eliminations. Thus they 
form olefins through a cyclic nonchain process by the general 
reaction (79) *. s-Butyl vinyl ether was pyrolyzed at 450" and the ole- 

RZC-CR, 

(79) 

fins formed consisted of 47% 1-butene, 37% trans-2-butene and 16% 
cis-2-butene. t-Amy1 vinyl ether under the same conditions yielded 
66% 2-methyl-1-butene and 34% 2-methyl-2-butene. Analyses were 
carried out by vapor-phase chromatography. 

and c ~ l l e a ~ u e s ~ ~ ~ ~ ~  do not suggest this. 

I I  
H OCH=CH, R,C=CR, + CHjCHO 

* The activated complex is probably a six-membered ring, though De Puy 



4. The Pyrolysis of Ethers 191 

Molera and Ariza 43 thermally decomposed allyl ether in the gas 
phase between 359 and 390" and over a pressure range of 20-100mm 
Hup pressure. The activation energy was found to be 42.3 kcal/mole. 
Ally1 ethyl ether was also decomposed between 393 and 430" and over a 
pressure range of 30-150 mm Hg. Here the energy of activation was 
48.5 kcal/mole. I n  each case the products were analyzed by infrared 
spectroscopy. They suggest that, as in the case of the vinyl ethers, the 
reaction proceeds mainly by rearrangement through a hexagonal-ring 
activated complex. [ H?.S-CY 1 H2C-C H 

* / \ \  
CH,=CHOCH2CH=Ct42+ H z d  -'o -+ H2C 0 (80) 

T. *;- I 1  
I-( C-CHZ CH=CHZ 

Pocker 44 provided convincing evidence in support of the hexagonal 
ring activated complex suggestion. He carried out the rearrangement 
of allyl vinyl ether labelled with I4C. The reaction was homogeneous 
(provided the vessel was well seasoned) and first-order at temperatures 
of about 200" and pressures between 150 and 400 mm. The rate co- 
efficient showed a fall-off at pressures below 1 mm Hg. The reaction 
can be written as (80). The products consistcd of 97% 

~H~=CHCH,CH~CHO 

This reaction can be considered as an example of a Claisen-type 45-  46 

rearrangement. More common examples of this type of reaction in- 
volve the thermal rearrangement of allyl aq-1 ethers. Much research 
has been done on the Claisen rearrangement of many different allyl 
aryl ethers in recent years by many workers (see references 45 and 46 
and papers cited therein.), and a thorough discussion of this aspect is 
beyond the scope of this review. As an example, the rearrangement of 
allyl phenyl ether proceeds through a cyclic activated complex and an 
intermediate dienone (reaction 80a) 

OH 
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Recently Cookson and Wa!lis 4o pyrolyzed elcven different ethers at 
relatively high temperatures. In eveiy casc the products were those 
expected from a cyclic molecular elimination. The results are shown in 
Table 4. 

Wallace and G r i t t e ~ - ~ ~  sugzest that butyl radicals abstract the 
hydrogen atom in the CL position to the oxygen atom in cyclic ethers. 
These radicals induced the reaction of four-, five- and six-membered 
cyclic ethers with 1-octene, e.g. Scheme 10. Apparently a transfer of 

t-C4H9 + 1,1 - 
CHZCHZCHZCHO CH3CHZCHzCO. (83) 

CH3CHPCH2C0. + I-Octene d Addition radical, which abstracts H 

SCHEME 10. 
(84) 

a hydrogen atom occurs intramolccularly, to give aldehyde radicals 
before addition to 1-octene. 

V. THE KINETICS OF T H E  COMBllNATlON OF METHYL 
RADICALS WITH SPECIAL REFERENCE TO PYROLYSIS 

M EC HA N ISM Sg: 
I t  has been seen in the discussion of the dimethyl ether pyrolysis 
that the order of methyl radical combination (reaction 85) is a matter 

2CH3 + CZH, (85) 

of considerable importance. The results on dimethyl ether somewhat 
point to the conclusion that the reaction is in its low-pressure, third- 
order region (reaction 86). A similar conclusion is suggested by the 

(86) 

* This section was written by h4. H. B x k ,  M. Eusuf and K. J. Laidier, Dept. 
of Chemistry, University of Ottawa. The present address of M. Eusuf is East 
Regional Laboratories, Pakistan Council of Scientific and industrial Research, 
Dhanmondi, East Pakistan. 

2 CH3 + M d C,H, + M 

7 7- C.E.L. 
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results for the acetaldehyde pyrolysis, as indicated below. The most 
recent work on the ethane pyrolysis, on the other hand, leads to the 
conclusion that under pyrolysis conditions the reverse dccomposition of 
ethane (reaction 87) is closer to its high-prrssure, first-order region, 

and this would require that the radical-recombination reaction is 
almost in its second-order region. 

In  view of these discrepancies it has been thought expedient, in the 
present section, to review the various lines of evidence. 

A. Direct Evidence at Lower Temperatures 

The rate of combination of inethyl radicals has been determined 
directly 2t temperatures below 240" using two methods, namely, the 
photochemical rotating-sector technique 50 and the measurement of 
the rate of combination relative to that ofreaction 7,vith nitric 
The measurement of the combination rate coefficient was extended to 
low pressures (0.2 mm) by the measurement of the rate of combination 
relative to abstraction from acetone in the photolysis of acetone53. 
Cleu indication of the pressure-dependence of the combination rate 
coefficient was obtained at pressures below 10 mm of acetone at a tem- 
perature of 247". At 0.2 mm the second-order rate coefficient had fallen 
by a factor of almost four. There was quantitative agreement for this 
effect between results obtained hy the rotating-sector technique and 
using steady illumination. 

Direct measurements of the combination I ate have also been made 
at 1000" using a mass spectrometer coupled to a fast flow system54. The 
carrier gas was helium and the range ofpressures was 3-15 mm. Under 
these conditions the rate coefficient varied linearly with the carrier gas 
pressure and a negative activation energy of 1.5 kcal/mole was ob- 
senred. This is smaller than that calculated by Gill and Laidler55 for 
the purely third-order combination. Either the temperature depen- 
dence is much smaller than predicted, or the rate was not purely third 
order; the latter is possible despite the apparent linear dependence on 
pressure since the range of pressure was not large. However, a surface 
reaction may have caused errw in either of these measurements. Never- 
ilielcss, the second-order combination rate coefficient is undoubtedly to 
some esi ent pressure-dependent in this region of temperature and 
pressure. 
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The variation with temperature of the rate coeficient in its pressure- 
dependent region is of great importance in the development of the 
theory of unimolecular reactions, arrd an exact interpolation of the 
combination rate coefficient between the high- and Iow-temperature 
regions wodld be very useful. However, between these regions the 
i-csults relating to the combination of methyl radicals are sometimes 
obtained by indirect kinetic evidence and are somewhat conflicting. 
Laidler and Wojciech~wski~~ have estimated that at 6GO" the com- 
bination will be largely in its third-order region at pressures below 
2000 mm, but this is admittedly subject to considerable uncertainty. 

R r i n t ~ n ~ ~  has studied the photolysis of acetale at temperatures up to 
475" and pressures from 25-100 mm. At temperatures above 300" the 
ratio u ~ ~ , / u ~ ~ ~ ~ ! [ A ]  was found to vary with light intensity and acetone 
concentration, showing that reactions (88) and (89) were not sufficient 

kl 
CH3 + CH3COCH3 CH4 + CHZCOCHj (88) 

CH3 + CH3 CZH6 (C9) 
ki 

to represent the production of methane and ethane. To explain this the 
additional reaction (90) was proposed. Inclusion of this reaction in the 

k3 
CHj + CHsCOCH3 - > CzH6 + co + ck!3 (90) 

kinetic scheme leads to equation (91) where k2 is the second-order 

coefficient for reaction (89). Extrapolation of the results to low 
acetone concentrations allows k,/k,* to be obtained, and a plot of the 
logarithm of this against 1/T shows a marked upward curvature at 
temperatures between 400 and 435". This behavior is most likely 
to be due to a deviation from second-order kinetics at the higher 
temperatures, the second-order coefficient being less than it would be 
if the behavior were truly sccond order. In  agreement with this point 
of view it is found that the activation energy corresponding to 
k,/k,+ increases from 10.0 kcal at  the lower temperatures (where it is 
equal to El) to 14.6 kcal at  435"; the change corresponds to a 
negative activation energy of -9.8 kcal for reaction (89), which is 
consistent with the value of - 11-7 estimated by Gill and Laidler55 
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on the basis of a thcoretical treatment of the reaction in its third- 
order region. The results of Brinton therefore suggest that tlus reaction 
is close to third order at the highest temperature (435"), but in view 
of the complexities of the system other explanations are possible. 

Danby, Buchanan and Xenderson 5*  studied the photolysis of 
acetaldehyde in the temperature range 2 12-340" and the pr-. Pssure 

CHjCHO + hu CH3 -t CHO (92) 

(93) 

(94) 

k1 
CH3 + CH,CHO ---+ CH,I -t CH3C0 

CHjCO -+ CH3 + CO 

ka 
2CH; + CCHc 

SCHEME 11. 
(95) 

range 19-3 17 mm. The mechanism is given by Scheme 1 1. The steady- 
state trestment leads to the expression given by (96). The results do 

not reveal any divergence from this relationship of the kind that gives 
a clear indication that the methyl radical combination is in its pressure- 
dependent region ; at these lower temperatures thc combination is 
therefore close to smond order. 

Dodd 59 has measured the combination rate coefficient directly by 
using thc rotating-sector technique on the photolysis of acetaldehyde, 
at temperatures from 150 to 450" and pressures from 200 to 400 mm. A 
plot of log [ktcrminBtion/kprOpegationl, derived from an analysis of the half- 
lives, against 1 / T, showed no curvature ovcr the temperature range 
investigated, but the slope corresponded to an activation energy of 
10.7 kcal/mole. Since the activation energy for reaction (93) is in fact 
7.5 kcal/mo1e6", thc value of 10-7 suggests a negative activation 
energy of about 3.2 kcal for the radical-combination reaction, and 
therefore that the behavior is somewhat in the pressure-dependent 
region. The results are, however, not sufficiently precise for this con- 
clusion to be a firm one, 

The evidence from the above three sources is not completely clear, 
but is consistent with the view that the combination rate coefficient is 
somewhat pressure-dependent at pressures below 100 mm and a t  tem- 
peratures above 400" and perhaps lower. Additional evidence is 
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providcd by results on the pyrolyses of acetaldehyde and ethane, and 
is discussed in the next two sections. 

E .  - ?-  !j& of Acetaldehyde 
An important result obtained by Bril and coworkers61, and con- 

firmed ifi more detail by Eusuf and LaidlerG2, is that the rate of the 
acetaldehyde decomposition is strongly decreased by addition of inert 
gases in the temperature range 480-525". Such a result can only be 
explained if thc inert gases aid the chain-ending step. The main chain 
carriers are methyl and acetyl radicals, with the former in excess, so 
that the main ihain-ending step is the methyl-radical combination. 
I t  therefore s.eems that inert gases have a strong effect on the rate of 
this reaction,'which must therefore be in its pressure-dependent region. 

T r e n ~ i t h ~ ~  has studied the rate of hydrogen production in the 
acetaldehyde decomposition, and has found that it is proportional to 
the square of the acetaldehyde concentration. The main source of 
hydrogen is almost certainly hydrogen atoms, which produce mole- 
cular hydrogen by reaction (97), so that the hydrogen atoms must be 
produced by a second-order initiation process. 

(97) 

that the initial 
rate of ethane formation is proportional to the square of the acetalde- 
hyde concentration. In the steady state :he rate of production of methyl 
radicals is equal to the rate of their disappearance; it follows that the 
initiation reaction is second order in acetaldehyde. 

Since the decomposition is three-halves order in acetaldehyde con- 
centra.tion the chain-ending steps may be Bp or /3pM, in the termino- 
logy of Goldfinger, Letort and Niclause8 (cf. Table l) ,  and in the 
acetaldehyde system are reactims (58) and (99), respectively. Of these 

CH, + CH,CO + CH,COCH, j p  (98) 

(99) 

two possibilities the first predicts no inert-gas effect, and hence the 
second must be the main termination step. I t  should be pointed out 
that the acetyl radical is here described as a p radical (one that under- 
goes a unimolecular propagating reaction) whereas in fact its decom- 
position may be in its pressure-dependent region. If so its termination 
wculd have to be at least partly third order to give a proper overall 

H + CH3CH0 - CH3C0 + Hz 

The same conclusion is to be drawn from the 

CH3 + CH3 + M + CzHs + M PPM 
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order, and this would be surprising. I t  seems unlikely therefore that 
acetyl radicals are involved ii1 the main chain-ending step. 

The kinetics of the reaction and the effect on the rate of additions of 
forcign gases both therefore lcad to the conclusion that in the tem- 
perature range 480-525" and at pressures from 30 to 579 mm Hg the 
combination of methyl radicals is a third-oder reaction. 

C. Pyrolysis of Ethane 

The decomposition of ethane follows first-order kinetics and the 
chain carriers are hydrogen atoms and ethyl radicals. The mechanisms 
proposed include the reactions in Scheme 12. This mechanism leads to 
first-order kinetics only if terminatior, is by reaction (105). There is 
good evidence, however, that under the conditions of temperature and 
pressure of most of the experimental work the concentration of ethyl 
radicals is greater than that of hydrogen atoms and termination should 
occur by reaction (104). Kuchler and Theile6* suggested that the in- 
itiation was a second-order process, and termination by reaction (104) 
would then lead to first-order kinetics. Laidler and Wojciechowski 58 

showed by extrapolation of the pressure-dependence of the methyl 
radical combination observed at  250" that reaction (100) would in- 
deed be expected to be second order at 600" and at  the pressures used 
in the experiments. I n  the terminology of Laidler, Sagert and 
Wojciechowski this mechanism is of the 2pp1 ,vpe : second-order 
initiation, termination by p radicals, first-order kinetics. The overall 
urder, activation energy and the effect of inert gases on the rate were 
readily explained by these reactions. At higher temperatures and lower 
pressures it was predicted that the concentration of hydrogen atoms 
would exceed that of ethyl radicals so that the main chain-ending step 
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would bc reactior, ( 105). Termination would thus be /3p and the overall 
order would be three-halves. Such a transition to three-halves order 
was indeed found56 at approximately the predicted pressure. If the 
ethane dissociation is second order it follows that under the same 
conditions the methyl radical combination is third order. 

More recently, however, sevcral investigations of the initial rate of 
formation of met!.-ane 95--67 have sho- wii - - -  that this rate is Erst order with 
respect to ethane, indicating that the initiation stcp is a first-order 
process. This result has been reconciled with the other evidence in 
various ways. Davis and Williamson 65 ,  whose experiments were 
carried out in a flow system at high temperatures (676-775"), found 
that the rate of formation of methane was slightly pressure-dependent. 
They Favored the combination of ethyl radicals as the chain-ending 
step, and suggested that the pressure sensitivity of both the initiation 
step and the decomposition of the ethyl radical combined to give first- 
Grder kinetics, which were, in any case, only roughly obeyed under 
their conditions. Quinn66 made this suggestion more specific by pro- 
posing that when the overall rate and the rate ofproduction ofmethane 
were exactly first order, as he found under his conditions, the rate 
coefficient for decomposition of the ethyl radical should be approxi- 
mately proportional to the square root of the pressure. Evidence from 
a previous study of the pyrolysis of n-butane supported this view73. 
Gordon67, on the other hand, found a considerable surface dependence 
of the rate and suggested that one of the termination reactions was 
heterogeneous. 

Further results on the measurement of the rates of production of 
methane and butane from 550 to 720" 68 have confirmed the mechanism 
proposed by Quinn. The rate of production of methane was first order, 
but a fall-off in the first-order rate coefficients was obsex-ved at pres- 
sures below about 100 mm, over the whole range of temperatures. The 
rate of production of butane showed that this was the main termina- 
tion product, but a t  high temperatures and low pressures there was 
probably some termination by reaction ( 105). The measwement of 
butane allowed the order of the ethyl radical decomposition to be 
determined directly (equation 106). Plots of log [vH2/vC4Rlo~] against 

log [C,H,] showed that k, was pressure-dependent. The rate of de- 
composition of the ethyl radical could be expressed empirically as 
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shown by equation (107), where x was found to vary from 0.35 at high 

- [S2H51 = k3[C2N,]MX 
dt 

pressures and low temperatures, to 0.80 at low pressures and high 
temperatures. The activation energy for k, was about 3 1 kcal/mole and 
did not vary significantly in the range of tenlperature and pressure 
used. 

The order of the decomposition, determined from the rate of pro- 
duction of hydrogen, was unity at  high pressures but was observed to 
increase at low pressures and high temperatures. This change in order 
was shown to be the result of the changing order of the initiation re- 
action, combined with the changing order of the decomposition of the 
ethyl radical. The rate of decomposition is given by equation (108) and 

(108) 

the overall order thus depcnds on the orders of k, and kl. 
There are, however, several results on the ethane pyrolysis and re- 

lated reactions which are not explained by Quinn's mechanism. I n  an 
earlier investigation Danby, Spall, Stubbs and Hinshelwood also 
studied the rate of methane production in the ethane pyrolysis, and also 
noted that it was first order in ethane. They obtained the significant 
result that the methane production was not inhibited by nitric oxide. 
This appears to eliminate the possibility that the main source of 
methane is abstraction by methyl radicals, since nitric oxide will reduce 
markedly the concentration of methyl radicals. Danby and coworkers 
concluded that methane production occurred by reaction (109). This 

CZHs __+ CH, + CHZ (109) 

reaction might be first order, and the split into methyl radicals second 
order, if different numbers of normal modes are involved in the forma- 
tion of the activated complex in each case. This question of the mode of 
initiation has not yet been satisfactorily settled. 

It was also observed by Kiichlsr and Theile64 that inert gases have 
hardly any effect on the rate of tht: dccomposition of ethane maximally 
inhibited by nitric oxide, in contrast to their accelerating effect on the 
uninhibited reaction. Quinr's mechanism for the uninhibited reaction 
explains this iesult in terms of the effect of inert gases on the break- 
down of the ethyl radical. The rate of the maximally inhibited reaction 
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must, however, according to any mechanism be proportional to the 
rate of this breakdown. The fact that there is little inert-gas eflect 
therefore requires that the ethyl radical decomposition is in its first- 
order region, and this ix: turn leads to the result that thc ethane dis- 
sociation into methyl radicals must, in order for the overall kinctics to 
be explained, be second order. 

The small inert-gas effect on the maximally-inhibited ethane 
pyrolysis is readily explained in terms of the Laidicr-Wojciechowski 
mechanism (Schemc 13) 

ki 
Czl-l, + NO T C2HG + H N O  

k-1 

kz 

k-, 
H N O  + H + N O  

The overali rate is given by equation (1 14), where K is the equilibrium 

v = (k3k4K)f[C2H6] 
constant for C,H, + C,H, -I- H. Inert gases have no effect on k, and 
K,  and they have none on k4 provided that the reaction is in its first- 
order region. 

Q. Decomposition of the Ethyl Radicd 
The order of the decomposition of thc ethyl radical under pyrolysis 

conditions is intimately related to that of the methyl radical combina- 
tion. Information on this question may be obtained from the kinetics of 
the thermal decomposition of other compounds in which the ethyl 
radical has an important role. 

In the decomposition of propionaldehyde the major source of 
ethylene is the decomposition of the ethyl radical. However, at tem- 
peratures of 520-560" the experiments of Laidler and Eusuf71 showed 
that the rate of production of ethylene was not increased by the addi- 
tion of an equal pressure of carbon dioxide. This appears to suggest 
that the decomposition of the ethyl radical is not pressure-dependent 
at these temperatures. 

In  a study of the mercury-photosensitized reaction of ethane at high 
7* 
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temperatures Bywzter and Steaciz 72 measured the zctivation energy 
for the decomposition of the ethyl radical at temperatures from 4G0 to 
500" and at 400 mm. They obtained a value of 39.5 kcal/mole, which 
suggests that the rate coefficient for decomposition was first order in 
this region. The evidence from both these systems seems incompatible 
with the results from the ethane decomposition. 

On the othe;. hand, a study of the pyrolysis of n - b ~ t a n e ~ ~  has been 
interpreted to indicate the pressure-dependence of the ethyl radical de- 
composition. The mechanism which has been postulated is as shown 
by Scheme 1473.26. Thc expression shown in equation (123) can be 

obtained on tLe basis of this mechanism. The ratio on the left-hand side 
was found to decrease as the concentration of butane was reduced, and 
this was attributed by Purnell and Q ~ i n n ~ ~  to the pressure-dependence 
of k8. Furthermore, additions of inert gas were found to increase the 
ethylene yield at the expense of ethane, and the activation energy for 
decomposition of the ethyl radical was in good agreement with that 
found in the ethane pyrolysis at higher temperatures. 

E. Conclusion 
The situation with regard to the order of the methyl radical com- 

bination under the usual pyrolysis conditions, and the related one of 
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the order of the ethyl radical decomposition, is still by no means clear. 
The main difficulty undoubtedly ariscs from the different coriditions 
employed in different experiments. Surface effects in the ethane and 
butane pyrolyses may play a more important role than has been re- 
alized, and complications due to them might be responsible for the fact 
that some of the expcrimeats in those systems have tended to support 
the view that the methyl radical combination is second order and the 
ethyl radical decomposition is of intermediate order. The aldehyde de- 
compositions, which support the alternative view (third-order kinetics 
for CH, + CH, and first-order for C,H, 4 C,H, + H), appear to be 
less complicated by surface effects. I t  is evident from what has been 
said that the situation is somewhat borderline, and evidence such as 
that given in this review must be considered carefully in order fix 
reliable overall mechanisms to be formulated for these systems. 
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I. T H E  OCCURRENCE O F  T H E  C--0-C GROUPING 
IN NATWWAL PRODUCTS 

The ether hnctions which are found in natural products may be 
classified as follows : 

I I 
R-O-CH-CCHs --G--O-$-- , , 

-.---4 

(Ar)R-O-CH3 I 
COOH 

Aliphatic and aromatic Lactyl ethers Cyclic ethers 
methyf ethers 

*---. 
8 

I 

-L--O--t--OH 
I I 

_---. 
8' *., 

-~--o-C-O-R(A~ 
I I 

Cyclo hemiacetals GI ycosid cs 

R-O-C=CHz R-0-CH=CH-R 

LOOH 
Enol ethers 

There are compounds with analogous structures which contain 
sulfur, and in a few cases selenium or tellurium, instead of oxygen. 

The C-0-C grouping appears in polymeric carbohydrates such as 
cellulose, starch, glycogen l, dextrans 2, inulin3, and pectin"; in muco- 
polysaccharides such as chitin, hyaluronic acid, chondroitiii sulfate, 
heparin, blood group substances 6, and the constituents of capsuls7 and 
cell walls8; in lignin9; in mono- and oligosaccharideslO.ll; in hetero- 
sides l2 such as flavonoid and digitalis glycosides; in methylated 
sugars 13, cyclitols 14, and phenols l6 ; in plasmalogenes l7 2nd u- 
glyceryl ethers lo ; in numerous heterocyclic compounds l9 such as the 
anthocyanines and flavones; and many others. 

The corresponding sulfur compounds are the thioethers 2o such as 
methionine, thioglycosides z*, and many sulfur heterocyclic compounds. 
The list would be even more impressive if many other compounds were 
included which, though occurring in small amounts oiily, possess a 
pronounced biological activity. 

The following survey aims to point out several main routes for the 
biosynthesis and the meIabolism of the ether function in natural pro- 
ducts, and to account for our present knowledge of the mechanism of 
thesz reactions. 
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GS. MODES OF FOWMATlON O F  THE C--0--C GROUPING 

A. Tsansrneth ylaeion 5y S-Adenos ylrnethionine 
Methionine (1) is the methyl group donor in the biological methyla- 

uon 22.23 of alcoholic and phenolic hydroxyl groups. Prior to the 
methylation reaction this essential amino acid is transformed to 
S-adcnosylmetliionine (‘active methioriine’ 2) (reaction 1) 24* 26, in 

HOOCCH(NHZ)CH2CH2SCHa f ATP f HzO 

OH CH 

(2) 

this energy-rich compound the bonds between the sulfonium atom 
and its substituents are weakened ; consequently the methyl group 
can be transferred with ereater ease. I t  may also be remembered 
that, in the nonenzymatic methylation in dimethylsulfoxide, the tri- 
methylsulfoxonium salt is considered to be the methylating agent26. 

In  the reactions catalyzed by the methyl transferases (transmethyl- 
ases) 23* 27 S-adenosylhomocysteine (3) is libexted, while the methyl 
group is transferred to the acceptor (reaction 2). Another enzyme 
cleaves 3 into adenosine and homocysteine (reaction 3). This reaction 

R-0-H 
L 

HOOCC H (N H~)CH~CH~-SS--CHZ EH3 Adenine -.- > +w 
OH OH 

(2) 

HOOCCH (N H2)CH2CHz-S-CHz $)/)/; enine 
ROCHS + Hi’ + 

(3) (2) 

(3) 3, A Adenosine +- Hornccysteine 
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is reversible28. The de tiovo biosynthesis of a methyl group22.29 from 
serine” and the transfcr to homocysteine are shown in reactions (4) to 
(6), where THE‘ = tetrahydrofolic acid. 

(4) 

5,lO-Methylene-THF - 5-Methyl-THF (5) 

5-Methyl-THF + Homocysteine THF + 1 (6) 

The serine transhydroxymethylase (reaction 4) requires pyridoxal 
phosphate as a coenzyme. An FAD-dependent enzyme from liver or 
bacteria catalyzes the reduction of 5,lO-methylene-THE‘ to 5-methyl- 
THF by DPNH (reaction 5). The transfer of the methyl group to 
homocysteine (reaction 6 ) ,  in extracts of various animal organs and 
bacteria, requires S-adenosylmethionine, vitamin BIZ, and it reducing 
system. MLthyl-vitamin B12 is probably formed as an intermediate 30. 

Reactions (5) and (6),  however, can also be catalyzed by another 
enzyme system (obtained from microorganisms) which is not co- 
bamide-dependent. I n  this case the cofactor will be 5,lO-methylene- 
tetrahydropteroyl triglutamate and not 5,lO-methylene-THF 31. 

O-Methyltransferases, whose substrates are catechine and pyrogallol 
derivatives, are mostly found in liver and kidney, but they are also 
found in other organs of mammals32-33; and also in amaryl l ida~eae~~,  
in cambial tissue of apple35, in pampas grass36, in triticum and 
petunias 37, in Streptomyces T ~ ~ o s u s ~ ~ ,  and in Lentilus l e p i d e ~ ~ ~ ~ .  

An enzyme with similar specificity, which converts guanidinoethyl 
phosphate into the phosphoric acid methyl ether (opheline), was found 
in Ophelia neglecta S40. 

Other enzymes methylate nionohydroxybenzene derivatives. One of 
these is found in the pineal gland41.42 and is able to produce mela- 
tonine (5-methoxy-N-acetylserotonine) from N-acetylserotonine, and 
also, although much more slowly, 5-rnethoxyserotor1ine from sero- 
tonine. 3,5-Diiodo-4-hydroxybenzoic acid and 3,5,3’,5’-tetraiodo- 
thyroacetic acid proved to be good substrates for a similar enzyme 
obtained from rat liver43. 

0-Methyltransferases are, as a rule, widely distributcd ; they contri- 
bute to the biogenesis of metabolites carrying 0-methyl groups, occur- 
ring mostly in plants and microorganisms. Numerous studies have been 
carried out proving insertion ofradioactivity from [14CH3]-methionine, 
e.g. in the case of alkaloids 44. Following this route in the search for the 

bur the 8-carbon atom of serine is probably the most important among them. 

Serine + THF --+ 5,IO-Methylene-THF 

* The methyl group of methioninc may originate from different C ,  sources, 
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enzyme, one should bear in mind that C- and Ar-mcthyl groups may 
also originate fiom radioactive methionine. 

I n  the reaction catalyzed Ijy 0-methyltransfcrases the ( - )-S- 
adenosyl-L-methionine alone is active 45. The absolute configuration 
around the sulfonium atom is not known. Some of these enzymes 
studied need magnesium ions for activity. The reaction is initiated by 
a nucleophilic attack of the acceptor on the methyl group of 2 (reac- 
tion 2). The carbonyl oxygen of methionine is the nucleophile which 
attacks, in the presence of a different enzyme from yeast, the C,,, atom 
of the same molecule (reaction 7) 46. 

denine 
H, I 

S- 
HsCJ--- 0 

H2NH!---d=0 $- 

OH OH (7) 

(4 (5) 

The presence of e t h i ~ n i n e ~ ~  or selenium in uiuo and in uitro yieids the 
coirespoding andogs which can be substituted for 2 in the enzyme 
reaciiocs", I t  is not known whether these compounds, i.e. S-adeno- 
syletlsionlne or selenoadenosylmethionine, have any significance under 
physiological condi i i~ns*~* 50.  

5. Biosynthesis of the CIycosidic Linkage 

The cleavage and transfer of glycosidic linkages by glycosidases and 
phosphorylases were discovered quite early and attracied much attea- 
tion because of the wide distribution and great importance of the 
materials containing glycosidic bonds. 

Synthesis of polysaccharides is also possible with these enzymes. 
Glucanes are formed from glucose-I-phosphate irr this way, with the 
aid of polysaccharide phosphorylase ; and dextranes and levanes can 
also be synthesized from sucrose (see section 1II.B). Similarly, the 
synthesis of disaccharides from glucose- 1 -phosphate and a suitable 
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acceptor is catalyzed by disaccharide phosphorylases (see section 
1II.C). I t  is cow assumed that thc physiological significance of the 
phosphorylases consists of the degradation of di- and polysaccharides. 
Likewise, a glycoside transfer by glycosidases cannot be regarded as a 
synthesis of a new glycosidic bond. How then does the synthesis of the 
enormous quantity of ].ow and high molecular weight compounds with 
glycosidic linkages occur in nature ? 

About 1950 new types of compounds were discovered in yeast51 and 
in penicillin-treated Staphylococcus a u ~ e u s ~ ~ .  These compounds were 
found to be uridine diphosphate glucose (UDPG) (6)53 and uridine 
diphosphate-N-acetylrriuramic acid (7) 54,  respectively. It was shown 

0 

OH OH 
(6) 

HN+ +---+&-? 0 II 
CH20H 

A, O-P-O-P-OCH2 O 
I HO 

0 NH OH b H  vy 
HCCH:, C=O OH OH 

1 I 
I I 

COOH CHB 
( 7) 

that compounds ofthis ty>e, designated as sugar nuc leo t ide~~~,  are. the 
glycoside donors in the biosynthesis of oiigo- and polysaccharides 56. 

Besides uridine, guanosine, adenosine, cytidine, deoxyuridine, and 
deoxythymidine may also form the nucleoside moiety". It should 
be mentioned that the m.utual conversion of sugars through oxidation, 
reduction, epimerization, and decarboxylation is very often achieved 
when they are bound to nucleoside phosphates 50. 

At the present time about fifty sugar nucleotides are known59. Their 
biosynthesis takes place according to reackn  (8). 

Nucleoside iriphospliate -+ a-D-Sugar- I -phosphate . [Pyrophosphorylase] . 
Sugar nucleotide + Pyrophosphate (8 )  
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In all the cases studied up to now, the sugar nucleotide structure is 
similar to that of UDPG: the purine or pyrimidine is combined with a 
D-ribose or D-deoxyribose by a /3-glycosidic linkage, while the pyro- 
phosphate bridge is held by a n  a-grycosidic bond at the anomeric 
carbon atom o!' the sugar. 

In the presence of an acceptor, which has to contain at  least one 
hydroxyl (or amino) group 2nd a suitable enzyme, the sugar moiety 
(e.g. glucosc jri reaction (9)) will be t r a n s k e d  to the acceptor Roi l .  

CHzOH CH20H 

+ ROH [Transglycosylase] ~ q y > H ,  OR i- " 6 P  
-HO HO q0+ UDP 

- - -  - -  - - - - -  - 

(9) 
OH OH 

Table 1 presents the sugar nucleotides and the acceptors, as well as 
the products of their reactions. Enzymes are known for all these re- 
actions 82- 03, many of them in the form of partly p i :  iied przparations, 
but none yet in crystalline form. Many other similar reactions and 
their enzymes have yet to be discovered, leaving many interesting and 
important problems to be solved. One of these, for example, is the 
question whether the saccharides responsible for the serological speci- 
ficity, which are found in  erythrocyte^^^ and in the cell walls of bac- 
teriaE5* 86, are formed by stepwise additions of oligosaccharide residues 
to the macromolecular framework, or whether thc oligosaccharide 
chain grows in the form cf a nucleoside diphosphate derivative and 
is subsequently trznsferred in a single step. I t  has recently been 
shown80*87*8Q that the second alternative is in principle possible. 

I .  Specificity 
Many enzymes are not absolutely specific for the sugar nucleotides 

mentioned in Table 1. Thus the slycogen-synthesizing enzyme from 
rat muscle also reacts, though much more slowly, with ADP-glucose 
and with TDP-glu~ose~~.  On the other hand, the cellulose-synthesiz- 
ing enzyme reacts with no other sugar nucleotide but GDP-glucose 
(UDP-, ADP-, TDP-, and CDP-glucose have been tested as possible 
substrates) 'l. 

The specificity of the glycoside-synthesizing enzymes towards an 
acceptor varies. I t  is very high when the acceptor is a sugar phosphate, 



214 K. Wallenfels and H. Diekmann 

TABLE 1. Enzymatic glycoside syntheses with sugar nucleotides. 

Sugar nucleotide Acceptor Product Ref. 

UDP-xylose p- 1,4-Xylooligosaccharides One xylose unit 60 
- 

added to /3-1,4- 
xylooligosaccharides 

U DP-glucose Phage DNS Glkosylated DNS 61 
UDP-glucose Glucose-6-phosphate Trchalosephosphate 62 
U DP-glucose Fructose SucrGsc 63 
UDP-glucose Fructose-6-phosphate Sucrosephosphate 64 
U DP-galactose Glucose-1 -phosphate Lactose-1-phosphate 65 
UDP-@~icto~e AT-P.cet).!glucosamine Lactosamine 66 
LTDP-glucuronic acid Phenols Glucuronides 67 

UDP-glucose Phenyl-p-glucoside Phenyl-$-gentio- 69 

TDP-rhamnose 3-Quercetin-~-glucoside 3-Quercetin-O-~- 70 

UDP-glucose Hydroquinonc A: b u t i n 68 

bioside 

rhaninosyl-6-~- 
glucoside 

GDP-glucose Cellulose 71 
UDP-glucose Glycogen 72, 73 
ADP-glucose Starch 74 
UDP-glucose Callose 75 

UDP-N-acetyl- Chitin 77 
GDP-mannose Mannan 76 

glucosamine 

acid 

amine f UDP- 
glucuronic acid 

amine 4 UDP- units (Stakhy!ococcrcr 
muramic acid aureus) 

UDP-glucuronic acid (Pneuniococci 

CMP-neuraminic Colominic acid 78 

UDP-N-acetylglucos- Hyaluronic acid 79 

W DP-N-acetylglucos- Cell-wall building 80 

IJDP-glucose + Capsule substance 61 

Type 111) 

but in all other cases a great number of compounds may successfully 
function as acceptors, e.g. the wcrose-synthesizing enzyme transfers to 
fructose, xylulose, rhamnulose, and sorbose Besides its reaction with 
hydroquinoiiq the arbutine-synthesizing enzyme reacts with resorcinol, 
pyrocatechol, phloroglucinzrl, pyrogallol, and other polyhydric 
phenols 68.  The glucuronide-synthesizing enzyme transfers the glucuro- 
nic acid moiety to hydroxyl and amino groups in compounds widely 
varying in structure 91* 92. 
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Dextrins or polysaccharides are needed as acceptors in the syntlicses 
of polysaccharides. These reactions arc practically irreversible. Several 
equilibrium constants have been determined for the synthesis of di- 
saccharides. These are given in Table 2. 

TABLE 2. Equilibrium constants for disaccharide syntheses with 
sugar n u c l e o t i d e ~ ~ ~ - ~ 4 .  

Trehalosephosphate 40 
Sucrose 5 7.4 37 
Sucrose phosphate 3250 7.5 38 

a Tire equilibrium constant is pH dependent, as the proton which is 
formaily conveyed from the acceptor to the terminal phosphate group of the 
UDF ia partly dissociated. 

2. Structure 

Little is known about the protein part of thc sugar nucleotide- 
dependenr t!-:ir?:-:glycosylases. The glycogen synthetase from muscle has 
been mios; c!c~ci;y siudied. The activities of this enzyme and of phos- 
phorylnse 21'c k>XDited by glucose and phloridzin to approximately the 
same cxrcn t". rChc ..mino acid sequence at the active site of glycogen 
syntheiax has ixcr, recently elucidated 94 : 

P 
I 

Arg Glu-lle-Ser-Val-Arg 

This sequence is, as far as is known at present, identical in the 
vicinity of the serine phosphate to thzt in phosphorylase (see section 
1II.C). Further studies may show whether similarity of amino acid 
sequence also exists in cases of other enzymes capable of synthcsizing 
glycoside linkages from phosphoqlated sugars. Such correspondence 
between function and structure is already known in hydrolases. 

LYS I 

3. Mechanism 
During the transfer, the configuration around the anomeric carbon 

atom of the donor can either be retained or inverted (reaction 10). 
It was questioned whether exchange of the nucleoiide moiety, in the 
presence of glycogen synthetase, wi!l occur between UDPG and 
14C-labeled UDP. No labe!ed UDPG was found, and it was therefore 
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conciuded that no glycosyl-enzyme linkage has been formed under the 
conditions of the experiment 95. Comparison of various transfer en- 
zymes showed niany similarities, with respect to stereochemistrjr, 

Example 

NDP i- "A'--- Trehalose phosphate r R-0  0- Sucrose 
a-Glycosides Glycogen "x"-- + ,,? (10) 

NDP-0 0- NDP ,-R--OA--- Lactose 
Phenyl-/3-glycoside 
Cellulose H 0- 

/3-Glycosides 

specificity, pH dependence, etc. ; a general reaction mechanism has 
been proposed 96-g9. Examples will be discussed in connection with the 
glycosidases (section 1II.B) and phosphorylases (section 1II.C). 

These considerations also very probably apply to the sugar nucleo- 
tide-dependent transglycosylases. The great reseniblznce, together with 
the peculiarities in the reaction of these enzymes, may be illustrated by 
the following example of four enzymes with specificity for sucrose 
(reactions 11 to 14). 

Dextransucrase 
Sucrose + (Glucose)" 7 Dextran + Fructose (11) 

Glucosido invertase 
Sucrose + Water 7 Glucose + Fructose (124 

Glucosido invertasc 
Sucrose + Glucose ~ Maltose + Fructose 

Sucrose phosphorylase 
Sucrose + Phosphate 7 a-Glucose-I-phosphate + Fructose (13) 

Sucrose synthethase 
UDPG + Fructose (14) A Sucrose + UDP . 

4. Regulation58 
As in the case of polysaccharide phosphorylase from muscle, two 

different forms of glycogen synthetase have been found, one of which 
can be activated by glucose-6-phosphate loo. With the aid of a kinase in 
the presence of ATP and magnesium ions it is possible to transform the 
glucose-6-phosphate dependent form into the independent one, the 
enzymc protein obviously being phosphorylated in the process lol. The 
independent form, again in analogy to phosphorylase, can bz trans- 
formed to the depcndent enzyme with the aid of adrenaline or calcium 
ions 102.103. 
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Experimental evidence is also available regarding the participation 
of insulin in the regulation of glycogen synthetase The regulation 
reactions complement each other as follows: in the case of glucose re- 
quirement through the same mechanism the glycogen degradation is 
enhanced by activation of the phosphorylase, and the glycogen syn- 
thesis is retarded tlirough inactivation of the synthetase, arid vice versa. 

C. Biogenesis of Cyclic Ethers 
The oxygen heterocyclic compounds existing in nature are so 

numerous, and the variety in structure so great, that it is impossible 
to describe their biogenesis by a simple scheme105. 

From the great variet). of processes, the biogenesis of the C6C,C, 
compounds (chalcones, flavones, and anthocyanines) has been 
selected. This group of chronian derivatives occurs widely lo6* lo7, and 
has been extensively studied in the last few years lG8. 

Starting with cinnaniic acid (9) (or one of its derivatives) and three 
acetate (or malonate) molecules (S), the formation of a chalcone (11) 
can be assumed to take place via a poly-&keto intermediate (10). TE-2 
chalcone is in equilibrium with the cyclic flavanone (12). In vivo the 
I-- brrL&n -* 11+12 is probably enzyme-catalyzed. The oxygen atoms of 
ring A in 11 come froni acetate (or malonate) carboxyl groups loo. The 
compounds 11 and 12 are the precursors of the aurones, anthocyanines, 
flavones, catecholes, kiild isoflavones. Glycosidation is presumably 
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the last step in the biosynthesis of the naturally occurring glycosides 
of these groups. 

A peculiarity of the biogenesis of thc isoflavones is a phenyl migra- 
tion after formation of the C6C,C, compound no# ll1. In this process a 
chalcone, or a substance in rapid equilibrium with it, must be an 
intermediate l12. 

The routes of biogcnesis have been elucidated by means of tracer 
studies in in viuo experiments. Cell-free cxtracts have been used only in 
a few cases, and the corresponding enzymes have not been charac- 
terii;c;l. 

D. Biogenesis of Enol Ethers 
In the study of the biosynthesis of aromatic amino acids, two coni- 

pounds with an enol ether structure havc been observed. These arc 
intermediates in the metabolic route from 5-phosphoshikimic acid (13) 
to prephenic acid; they are 5-phosphoshikimate-3-enolpyruvate 113 (15) 
and chorisminic acid1'" (16). Thc formation of 15 has been studied 
with extracts from Edierichia coli (reaction 16). The reaction mechan- 
ism presented is hypothetical l13. 

coo- 
I Hf 

$00- coo- 
l 

.- F!wspl:ate + 0  HZ -PO i H 2  ('6) 
, 0-c 

I 
2-o3p0*- I 0-c 

cco- I OH 
O H  coo- 
(15) (16) 

Muramic acid also is apparently formed by pyruvyl transfer 115* ll6 

The enol ethers of plasmalogenes, on the other hand, are probably 
and subsequent reduction 
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synthesized through hemiacctal formation from long-chain aldehydes 
with the a-hydroxy group of glycerine. This is followed by the elimina- 
tion of water. The biogenesis of plasmalogenes and the problem of its 
relation to a-glyceryl ethers has been studied by means of compounds 
labeled with isotopic carbon 14C 110-120. 

E. Biogenesis of Thioethers 
The naturally occurring cnmpounds cofitaining the C-S-C 

group are of the same type as the analogous oxygen cornpounds. Some 
alkyl thioethers may be mentioned: dialkyl sulfides (such as dimethyl 
sulfide (18)) , dimethyl propiothetin (17), and methionine (1). An 
enzyme from kidney methylates thiopurines and thiopyrimidines by 
methyl transfer from S-adenosyl methionine (2) I2 l .  

Belonging to the group of'0,S-acetaIs are the mustard-oil glycosides 
(e.g. glucotropeolin (20)) ; sulfur heterocycles are biotin (21) and 
thiamine (22)122. 

Dimetlyl propiothetin (17) which was first found in algae is the 
source of dimethyl sulfidc ($8) produced by several algae and molds 
(reaction 17) 123. 

An enzyme which catalyzes this reaction has been detected124. A 
widely distributed enzyme which has been purified from horseLz5 and 
rat 126 liver is capable of transferring the methyl group of 17 to homo- 
cysteine, thus producing methionine. 

Certain molds which were cultivated on sterile media containing 
sodium selenate or potassium tellurite, produced dimethyl selenide 127 
and dimethyl, telluride 128 , respectively. Presumably a selenium or 
tellurium analog of 17 occilrs as an intermediate. 

An account has been given of a, series of S-substituted cysteine deri- 
vatives occurring in plants 129. Possible ways for the biogenesis of 
mustard-oil glucosidcs were discussed 21. Recently it has been shown 
that L-phenylalanine, with the exception of its carboxyl group , is 
entirely incorporated by T r ~ ~ f i ~ e o Z u ~ n  mujus L into glucotropaeolin 
(20) 130. Biotin (21) is formed in biosynthesis from pimelic acid, car- 
bamyl phosphate, and c y ~ t e i n e ~ ~ ~ , ~ ~ ~ .  Also the sulfur atom in the 
thiazole part of thiamine (22) probably originates from cysteine 133. 
Similarly it is assumed that the thiazolidine and the dihydrothiazine 
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rings of antibiotics like penicillin and cephalosporine C are formed 
through cyclization and subszquent oxidation of peptides containing 
cysteine 134. 

0 

N+O-S--C-K+ 

0 
II 

(20) 

111. REACTION§ O F  THE C.-0-C GROUPING 

A. Dealky!ation 
Enzymes, capable of cleaving 0-methyl bonds in phenolic ethers, 

hme beer? observed in liver microsomes of higher animals (rabbits, rats, 
mice, chickens, pigs, cattle, and sheep) 135* 136 and in microorganisms 
(reaction 18) 137. 

,NO2 

C-CHB i- TPNH + Hf $- 0 2  + G 
(23) ,N 0 2  

They are relatcd to the hydroxylases and reach their maximum 
activity only when both TPNH and DPNH are present13*. Nothing is 
known as yet about the intermediates. The on!y <’: i ablislied fact is that 
the inethyl carbon atom is liberated in the forx 2: I’crmaldehyde (25). 
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Among thc substrates which ha-,re been tcs~cci arc o-nitroanisole (23)) 
codeine, 4~,4’-dimethoxydiethylstilbestrol, ferreirine, and a series of 
methylated isoflavones, among them biochariine A 136. 

An S-denietliylating activity is also found in liver microsomes. 
This, however, contrary to the 0-demethylase, is unaffected by certain 
inhibitors such as the diethy!aminoethanol ester of diphenylpropyl- 
acetic acid 139. From demethylation of methimine, homocysteine and 
formaldehyde are obtained140, and from the cleavage of the enol ether 
group of choline Iysoplasmalogen an aldehyde 141 is produced besides 
the a-glycerophosphorylclioline, by an enzyme obtained from rat 
liver. Little is h o w n  about the degradation of the a-glyceryl 
ethers 142. 143. 

B. Hydrolysis and Transfer of 0- and S-Glycosides 
The great number of natural products containing gly-r~sidic bonds 

has been referred to in section I. As each of these is synthesized by 
A specific enzyme, the number of the glycoside-cleaving enzymes is a; 
large. Tlie glycosidases belong to the category of the longest known and 
best studied enzymes. Nevertheless, it is still impossible at  present to 
describe a commoii react;. n mechanism or even to explain fully the 
function of all these enzymes, which differ both in their structure and 
mode of action. Thus we have to restrain our description to several 
special characteristics of these erizymes. Among these are the specificity 
towards the glycon, aglycon and acceptor, the transglycosidation, the 
groups on the enzymeprotein which are essential for the catalytic 
activity, the question whether thz bond cleaved is the one between the 
glycoside-oxygen and the glycon or the aglycon, and the configuration 
of the reaction products. Finally, several attempts for the interpreta- 
tion of the reaction mechanism will b e  described. 

I .  Specificity 
The specificity of the glycosiclases i5 rigorous only in regard to the 

configuration of the glycosidic zarborr atcm. The featnres which will 
determine, to a different degree in various enzymes, whethcr a poten- 
tial substrate  ill be aK.cted are the following: the structure of the 
glycons and that ofthe glycosiclic monomers; the site of linkage on 
the agIycon; the chain-length of the substrate; the chain lengths of 
the sequenccs. 

Other points of interest regarding the enzyme activity are: whether 
the substrate is attached at the inner part of the chain (endo)? or at 
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the chain-end ( e m ) ,  and whether a branch or a bond near a branching 
point is cleaved. 

a-Amylases i44 clezve at  random the a-l,4-linkages of amylose, 
amylopectin, glycogen, and low molecular weight a- 1,4-0ligosac- 
charides with n greater than two. The decomposition products of 
amylose are maltose and maitotricse. Since the a-l,6-branches in 
aqrlopectin and glycogen are not attacked, in the course of the de- 
composition by a-amylase, maltose, maltotriose, and so called ' grenz 
dextrins ' such as 63-a-glycosyl maltotriose and G3-a-maltosylmalto- 
triose remain145. At higher enzyme concentration, formatim of 
glucose was also reported. 

P - A m y Z a s e ~ ~ ~ ~  split maltose units off the nonreducing ends of amylose, 
amylcpectin, glycogen, and linear oligosaccharides, so that maltose, 
maltotriose, and 'grenz dcxtrins' are produced. The htter may 
have a high molecular weight, in contrast to those produced by 
a-amylase. 

D e x t r a n a s ~ ~ ~ ~ ~  hydrolyze u- 1,6-glucosidlc linkages in sequences as 
they occur in dextrans; but not, however, at branched sites and not 
when isolated. The attack with enzymes from microorganisms pro- 
ceeds in a random manner and mainly isomaltose is formed, together 
with some isomaltotriose and glucose. @n the other hand, enzymes 
produced from the organs of mammals attack the chain terminals 
and glucose is obtained148. 

CeZZuZases149 hydrolyze cellulose, ca?-boxymethylcellulose, and lower 
oligosaccharides (also c e l l o b i ~ s e ) ~ ~ ~ ~ .  In  the case of ver).. short chains 
the attack on the nonreducing ends predominates; it becr>mes random 
with longer chainslS1. 

cleave, according to their origin, pectin or pectic 
acid. Both 2 stepwise and a random degradation of methylated a-1,4- 
galacturonic acid polymers has been observed lS3. 

hydrclyze cell wzlls of bacteria and 
chitin. Probably a /3-1,4-glucosamine bond is involved in the cleavage, 
although a- or j?-N-acetylglui,osaminides do not act as substrates 156. 

HyaZuroniilases 157 break down hyaluronic acid, chondroitin, and 
chondroitin sulfate. The enzymes extracted from testes and snake 
venom fiinction as endohe>rosaminidases. The end-products are tetra- 
and hexasaccharidcs, etc., which are formed by transfer Is'. When 
hyaluronic acid is cleaved by enzymes obtained from bacteria, an un- 
saturated disaccharide, 2-acetamido-2-desoxy-3-0-(~-~-gluco-4-ene- 
pyranosyluronic acid) -D-gIucose, is produced I5O. The enzyme from 
leaches acts on the cther hand as an endoglucurunidase and cleaves 

Lysoymes (mummidnses) 15*. 
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hyaluronic acid onlyloO. The product is a tetrasaccharide with D- 
glucuronic acid at the reducing cnd. 

are enzymes which split single glucose units from 
the nonreducing end of a- lJ4-oligo-. and polysaccharides. These 
enzymes are abunda-it in many rnicmorganisnis. 

Cyclodextrinase (cyclodextringlycosyl transferase) xi2* 163 obtained 
from Bacillus maceram breaks down amylose and amylopectin and 
produces from the fragments the so-called Schardinger dextrins. 

Amylo-1,4 -+ 1,6-tramglucosidases (‘ branching engmes’ or ‘ Q-en- 
zymes’) lG3 cleave a certain part of a linear a-1,4-glucosidic 
chain (which, however, must have a minimal length), and transfer 
this to a primary hydroxyl group of mother amylose chain, thus pro- 
ducing a new a-1,G branching. Maltose can act as an acceptor only 
in exceptional cases 164. 

Debraticlzitig enzymes149 have a specificity for a-lJ6-glucosidic bonds 
at branching sites. Depending on their origin they attack a large 
variety of substrates as shown by the data of Table 3161-165. 

The glycosidases which attack oligo- and heterosaccharides possess a 
high specificity for the sugar at  the noiireducing end, and are named 
and divided into groups according to this specificity. In those groups, 
further subdivision may again be made according to their specificity 
towards the aglycon and especially towards the acceptors. 

Substrates for these enzymes may be synthesized in almost unlimited 
variations with differing substitutions. I t  is hence possible to define, 
with the help of these materials, the enzyme specificity in the most de- 
tailed manner, For example more than forty potential substrates have 
been tested with /3-galactosidase from Escherichia coli ML 309 

Glucarnyluses 

X 

H x 
(X denoting various substituents) 

Among the u-I,4-glz~cosidases (maltases) 175 the best studied are 
those extracted from Saccharomyces cerevisiae 176 and Saccharomyces 
italicus Y i225177. Their specificity is very distinct for the glycon part 
but less so regarding the aglycon. According to their origin, the 
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enzymes behave diffirently in the transfer reactions 165* 179. In  
some cases a-l,4-linked sugars (maltotriose and maltotetrose) are 
produced exclusively. In  other cases a- 1,6 linkages are formed by the 
transfer, as with the previously mentioned aniylo- 1,4 -:- 1,6-trans- 
glucosidases. The enzymes from Asjcrgillus oryzae 180, Cladophora 
nipestris181, T e t r a f i ~ r n e n a ~ ~ r i f o l . m i ~ ~ ~ ~ ,  and brewer's yeast Ie3 .  lGa transfer 
both to the C,,, atom ,md to the (&, ?.tom of the acccptors (glucose 
and maltose). 

The specificities of glucosido iwertase le5, trehalirse lei;: wnanno- 
sida.sele7, a-galnctosidase lo8, a-$icosidase leg,  and neurnrn ! 'n ida~e~~~  are 
characterized by their names. An enzyme fi-om Patella vulgata isl 
hydrolyzes both a-glwuronides and a-galacturonides, hence it is norL- 
specific i-, regard to the configuration of the C,,, hydroxyl of the glycon. 
The transfer action of a-gnlactosidases was thoroughly investigated Ig2. 

The /3-glglucosidusc of a!monds193 which is the main component of 
emulsin similarly splits /3-galactosides. But the P-glucosidase obtained 
from Rhodotomla n n h e 1 9 4  is specific concerning the C,,,-hydroxyl and 
its configxraticn, but nonspecific regarding the substitution at  the C,,, 
atom (mannose is strougly bound by the enzyme). 

The p-galactosidm from Escherichia c01iIg5 responds to the methyla- 
tion of any of the hydroxyl groups at  the C(2), CC3), C,,!, or C,,, atoms, 
with complete loss or corfiidcrable reduction of its activity against such 
substrates. Yet the CH3,0iI group at  the C,,, atom may be replaced 
by a hydrogen or methyl group with at  !east partial retentim of the 
cleawing povrer. Phenyl P-D-galactofuranoside is not hydroiyzcd lg6. In  
the case of the thiogalactosides it h a s  becn observed that the aikyl- 
substituted derivatives are not hydrolyzed at all, aiid that iiitropheny ! 
derivatives are cleaved to an appreciable cxtent only in the presence of 
vcry high enzyme concentrations Ig7. The relative rates of cleavage 
of the isomers l,&, 1,4-, 1,3-, and 1,2-~-~-galactosidoglucose arelg* 
13.9 : lo-? : 4.3 : 1. The same sequence with /3-galactosidase from calf in- 
testineIg9 gives the ratios 1 :56:61:65. In the transfer reaction where 
phenyl-8-D-galactode is the substrate mainly 1,6- and 1 ;l-linkages 
are formcd with glucose as the acceptor, and 1,6- and 1,3-bonds are 
produced with galactose as acceptor ,O0. When the incubation periods 
are very short, and especially with o-nitrophenyl-8-D-fucoside or 
o-nitrophenyl-u-L-arabincside as substrates, the transfer is almost 
exclusively directed to galactose and not to water (i.e. hydrolysis). 
Presumably, the most important biological function of the transfer 
action of /I-galactosidase is the role which it plays in induced enzyme 
synthesis 201. 

8 + C.E.L. 
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The substrate-specificity in the hydrolysis with thc two above- 
nientioiied ciizymes can be presented in a simplified way as follows : 

Substrate specificity of 

p-Glucosidase from almonds /?-Galactosidase from i. coli 

H, HO -+&OR 

H OH 

X Hk$-;xoR H 

I I 
H HO 

( X =  t 1, CH3, Ci i20H,  CH,Halogen) (X = H, CH3, CHcOIi) 

0 ther enzymes capable of spiitting the /3-O-glycosidic linkage are 
the 8- N- acetylglit cosa min idnse * O , /3-gLucuron idase O 3, 8- fructoji r- 
anosidase (invertase) 204, /3-mannosidase lE7, and /3-Jicosidase 205. An 
enzyme abundant in animals, plants, and microorganisms, namely 
8-tl~ioglucosidase206. 207, clcaves a great number of ,B-0- and ,B-S- 
glycosides, especially heterosides. 

Sucrose is the substrate for three other enzymes which synthesize 
polysaccharides of high molecular weight via transfer reactions. 
Levansixrase 208 transfers the fructosyl fragment ; the resu!ting polymer 
(levan) contains predominantly ,8-2,6-linkages with a smaller 
number of /3-2,1-bonds. No levan is produced in cases where the 
fructose part of the sucrosc is substituted a t  C(l), C(3), or C,6,209. 
The same enzyme can also transfer the fructose moiety from 8- 
fructofuranosides to the hydroxyl group of the anomeric carbon-atom 
of another sugar; for this the C(2) and C(3) atoms of the acceptor must 
have the configuration of D- or L-threose, but variations on the C(4), 
C(5), or c(6) atoms, on the other hand, do not affect the activity of the 
acceptor 210. Dcxtransucrase 211 transfers the glucoside part of sucrose to 
oc-1,6-linkages, with some formation of branches in ~r-1~3- and c(-1,4- 
bonds. This enzyme also e::hibits interesting specificity towards 
acceptors212. 

By the action of a m y l o s ~ c r a s e ~ ~ ~  fructose is liberated, and a glucosyl 
polymer with a-lY4-linkages is formed. 

Finally, oligosaccharide syntheses by glj~osidases In concentrated 
monosaccharide solutions should be nicntioned 214- 215. 
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2. Structure 
Of the previousiy mentioned enzymes, twelve have so far been 

obtained in crystalline form: thcse are a-amylase from human saliva2l6 
and pancreas 217, from swine 218 and rat 219 pancreas, barley ;rr,ait 220, 

Aspergillus candidus 221, Asfiergillus oryzae 222, Bacillus coagulam 223, 

Bacillur subtilis 234, Pseudomonas saccharo3hila 225, arid Bacillus stesro- 
thermophilus226 ; /3-arr,;.!ase from potatoes 227,  barley 228, wheat 229, and 
soybeans 2 3 0 ;  cellulase from Irpes l a ~ t e u s ~ ~ l ;  xylanase from Bacillus232 ; 
$-galactosidase from Exherichla coli K 12 233, ML 308 234, and 
ML 309 235 ; glucamylase from A.r#ergiiZus niger 236; ,%glucuronidase 
from calf liver 257 and Helixpomatia 230; limit dextrinase from Aspergillus 
0rz~~ae171; lysozyme from egg-white 239, p a p a y a . . l a i e ~ ~ ~ ~ ,  Bacillus 
~ u b t i l i s ~ ~ ' ,  and rabbit spleen242 J maltase from L4spergillus o r y ~ a e ~ ~ ~  ; 
neuraminidase from Yibrio cholerne 244 * 245 and trchalase from Neurosporn 
crmsa 246. 

The molecular weights of these enzymes vary between wide limits : 
20,000 is the order of magnitude feud for lysozyrnes247 and neura- 
m i n i d a ~ e ~ ~ ~ ;  50,000 was found for c-amylases For /3-amylase from 
potatoes 248 the determined molecular weight is 152,000, and %I- 
$-galactosidase from E. C O I Z ' ~ ~ ~ ,  5 18,000. Dissociation into smaller units 
was characteristic of p-galactosidase under denaturing conditions 250. 

The pH for optimal activity, and the isoelectnc point for many of the 
glycosidases, lies in thc range of five to seven. Many of these enzymes 
contain, even in the purified state, carbohydrates which are probably 
covalently bonded (cf. c r - a n i y l a ~ e ~ ~ ~ ) .  The amino acid composition has 
been determined for various a-amylases 144, p-galactosidases from 
E.  ~ ~ l i ~ ~ ~ ,  and for several ly~ozyrnes '~~. End-group analyses were per- 
formed for a-amylases 253, 8-galactosidase 352,  and lysozyme 154. The 
aminc -acid sequence has been elucidated in the case of the last 
enzyme 155. Little is known about the functionai groups, but evidence 
exists for many cnzymes, that the presence of both a basic and an 
acidic group is essential for the catalytic function, e.g. a primary 
amino and a carboxyl group in the a-amylases 144, or an imidazol and 
a sillfhydryl group in the /3-galactosidase a-Amylases need calcium 
ions, probably i!i o r d c  i:c. stabilize the enzymatically active chain con- 
form a tions. /?& ;$ 'la ctosj dase j s activated by alkali-me t al, magnesium, 
or nianganesc is:.;s 2z4, 

3. Mechanisr;b:2ti - 5.2 

Regardifig t h e  rcaciio:-~ mcchanisrns it was shown for a series of 
glycosidases that ?hi. b m d  clcaved is that between the C,,, atom of the 
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glycon and the glycosidic osygen. This has been proved for z- 
amylase255, 8-amylase256, a-glucosidase 257,  /3-glucosidase 358, /3-galac- 
tosidase 259, 8-glucuronidase 260, and p-fructofuranosidase 261 in experi- 
ments where enzyme and substrate were incubated together in the 
presence of H2180, or in some cases by use of a labeled substrate. 

The problem of the configuration of the C(l, atom of the sugar 
which is released during hydrolysis or transfer has attracted much 
effort. Two enzymes are known (p-amylase262 and Rhizojus delemar- 
glitcnmylnse 2G3) which cause inversion, i.e. the sugars released are 
8-maltose and fl-g!ucose, respectively. In all other cases tested (u- 
Zmylase262, a m y l o s u ~ r a s e ~ 1 3 ~ ~ ~ ~ ,  dextransucrase, dextrandextr ina~e~~~,  
Qenzyme 3ec ; trazisglucosidase from Asjergillus ~ ~ y ~ a e ~ ~ ~ ,  a-glucosidase, 
/3-glucosidase 268,  ?.nd P-galactosidase 2 G o ) ,  the configuration of the 
anomeric carbon atom is retained. 

The reaction catalyzed by glycosidases can be presented as reac- 
tion (19). IfA3I-I  = H,O, the reaction is a hydrolysis, if AOH is an 

Gly~osyl-0-R + AO”H & Glyco~yl-O*-A -t ROH (19) 

alcohol or a sugar, a transfer results. Considering the polarity of the 
C(,,-O bond, a nucleophilic substitution on the glycosyl C,,, atom 
seems likely. An S,l reaction, as has been shown to occur in the acid- 
catalyzed hydrolysis of glycosides 270, is also conceivable in the enzyme- 
catalyzed reaction. In the intermediate the C,,, atom of the glycon 
would be positively charged; the configuration of the products must be 
explained by consideration of additional factors like the geometry of 
the sites of bonding in the substrate and in AOH 255. However, for most 
glycosidases, an SN2 mechanism seems morc likely, especially when 
considering all the known facts and evidence obtained about other 
transfer enzymes. Inversion at the C(,, carbon is then esplained by a 
single step bimolecular nucleophilic substitution (‘single displace- 
ment’), e.g. reaction (20) of an a-glucoside. 

Retention of configuration at the C,,, atom, on the other hand, is 
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explained by a two-stage S,? reaction ('double displacement '), where 
the postulated intermediate consists of a glycosyl-enzyme compound. 
Since the enzyme probably contains both a nucleophilic (N:) and an 
electrophilic (H-X) function, the following description can be de- 
duced; it is again r:.:enip!ified by an a-glycoside reaction (reaction 2 1). 

N N 

'C 
---- o... $/H - - -0.- . /  " -ROH ~ ----o,,, TN+ ---On. ,H 

--f/ &-R 
---+ - 

= + A l - A  
3-a  X- 0 - R  +*OH -+TH X-H X- 0-A 

-.i"H 

(21) 
11 

H 
I 

t-l 

6'. Phosphor'olysk cf Q-Gfycosides 
The distinction betwc-en phosphorylases and glycosidases is more 

justifiable froin the pracucal poilit of view than froin any fundamental 
one. The same reacuoii cq.doii applies to both cases, \&ti; AOX 
being either phosphoric acid or a phosphate. In  the phosphoroiytic 
cleavage of a glycoside the hond energy of the giycosidic lirikage is 
preseived in the phosphoric acid ester group, as it is in the case of 
transfer of a glycosidic fragment to another acceptor. Since water may 
act as an acceptor in the reaction of glycosidases, and is present in high 
concentration in all cases, all glycosidic linkages are finally hydrolyzed 
by glycosidases unless limited by specificity factors. On the other hand, 
water acts as a very poor substrate, if a t  all, in phosphorylase reac- 
tions 271. Hence the latter rcrnain reversible as long as no other enzyme 
attacks the substrate or the products, for example by hydrolysis of the 
phosphoric acid es Ler. Thus the phosphorylases capable of splitting 
0-glycosidic linkages will be surveyed, stressing the same points as 
with the glycosidases (see introduction to section 1II.B). 

I .  Specificity 
The widely distributed polysaccharide p h ~ s p h o r y l a s e ~ ~ ~  degrades 

polysaccharides with a- 1,4-glucosidic linkages, sucli 2 s  glycogen and 
starch. Phosphate may be substituted by ar~enate"~.  In the synthesis 
reaction only a-o-Slucose-1-phosphate was found to be active of all 
tested sugar-1 -phosphates 274. Acting as acceptoxs, for the glucosyl 
s o u p  (also called 'starters' in this connection), axe maltotriose and 
higher homologs (up to polysaccharides) , and also oligo- and poly- 
szccharides with a-l,6-linl<ages. 
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The disaccharide phosphorylases abundant in microorganisms 275, 

sucrose z76* 277, maltose 278, and cellobiose phosphorylases z79, cleave 
only the natural disaccharides specified in the enzyme names. They 
are specific for each monosaccharide phosphate (a-D-glucose- 1- 
phosphate or /h-ghcose-l-phosphate) , but relatively nonspecific for 
the acceptor in the synthesis. With these enzymes, phosphate may be 
substituted by arsenate. 

The equilibrium constants fQr the polysaccharide phosphorylase 280 

are 1-25 (pH 7-3 a t  30°), for saccharose phosphorylase281 0.5 (PH 6.6 
at 30”) and for maltose and cellobiose phosphorylase Oa2 4.4 (pH 7.0 at 
37”). 

2. Structure 
The polysaccharide phosphorylases %om- rabbit 283 and crab 

muscles 284 have been crystallized. The ‘ phosphorylase a’ from rabbit 
has a molecular weight of 495,000, contains four phospho- 

serin groups and binds four pyridoxal-5’-phosphate molecules. By the 
action of a specific phosphatase (‘PR enzyme’)286 it is transformed 
into ‘phosphorylase b’ ,  the molecular weight of which is 242,000 and 
which contains no serine-bound phosphate. A specific kinase changes 
phosphorylase b, through phosphorylation with ATP, into phosphoryl- 
ase a again287. Phosphorylase b and also phosphorylase b’ (obtained 
from phosphorylase a by the action of trypsin288) need AMP for 
activation, 

In  contrast the phosphorylase obtained from potatoes 289 contains 
no phosphoserine groups, and needs no AMP for activation, but uses 
pyridoxal phosphate. This is obviously linked to an &-amino group of 
a lysine r c s i d ~ i e ~ ~ ~ .  The inhibition by -SH  reagent^^^^.^^^ and the 
amino acid sequence in the vicinity of the serine phosphate function or” 
muscle phosphorylase have bcen studied 288 : 

P 
I 

Lys-G I n-I le-Ser-Val-Arg 

Phosphorylases, like glycosidases, split the bond between the glycon 
C(l) atom and the glycosidic oxygenzs3. The configuration at the 
anomeric carbon atom is retained in the reaction of polyaccharide 294 

and sucrose phosphorylases 276,  but is inverted in the rea.ction of 
maltose 278 and cellobiose phosphorylase O S 5 .  

Of these four phosphorylases, sucrose phosphorylase is the only one 
to exhibit the following interesting features : incubation of the enzyme 
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with glucose-1-phosphate and 32P-phosphate 296, or with sucrose and 
14C-fructose 297, results in isotopic exchange. In  addition the enzyme 
catalyzes the arsenolysis of sucrose even in the absence of an acceptor. 

3. Mecfianism 
From these data it. is clcar that for polysaccharide phosphorylasc 

neither a ‘single displacemeiit’ (since the configuration at C(l) is re- 
tained), nor a ‘ double displacement’ (since no isotope exchange takes 
place) is accepted. The simplest interpretation would be a substitution 
mechanism, in which the approaching and the leaving nucleophilic 
groups will do so from the same side, involving a ‘front-side attack’96. 

The most probable mechanism for the sucrose phosphorylase is a 
double exchange in which an intermediate glycosyl-enzyme complex 
is fxnied. A ‘single displacement’ mechanism, of the kind described 
for glycosidases, satisfactorily accounts for the reactions of maltose and 
cellobiose phosphorylases. 

4. R e g u l a t i ~ n ~ ~ ~ ~ ~ ~ ~  

As explained for the regulation of glycogen synthetase (section 
II.B), two mechanisms were suggested for the activation of the kinase 
which is responsible for the transformation shown by reacilon (22), 

Phosphorylase b + Phosphorylase a (22) 

namely, through cyclic 3’,5’-APvIP, the formation of which is accele- 
rated by adrenaline, together with a protein, or by calcium ions, to- 
L pether with another protein. 

D. Enzyme-catalyzed Mutarotation 
I t  is generally assumed that the mutaiotation of sugars proceeds 

through an open-chain intermediate 316. An enzymc, aldose 1 -epi- 
merase (mutarotase), accelerates this reaction301-:302. Little is luiown 
about the physiological function of this enzyme. In the general acid- 
base-catalyzed muizrotation in H2l80 no exchange of l8O takes place 
at the hydroxyl group of the C,,, of the aldose315. Therefore it is 
necessary to conclude that the open-chain form of the sugar is an inter- 
mediate of the mutarotation reaction (see, for example, glucose in 
reaction (23)). Similarly, it can be assumed that the open-chain form 
(27) is also an intermediate in the enzyme-catalyzed reaction. In  this 
case one of the physiological functions of the enzyme could be to 
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catalyze the opening of the cyclic hemiacetal, if in sollie further reac- 
tions only the carbonyl form could be used as a substrate. Another 
insight into the mechanism of the enzymic mutarotation of sugars was 
possible by the experiments with H,lOO as a solvent. No exchange of 
l 8 0  occurred at the anomeric carbon atom300. Thus one may conclude 
that, in the enzyme-catalyzed mutarotation, ring opening of the hemi- 
acetal must indeed occur, but that neither hydration of the open-chain 

Ch20H CHiOH CHzOH $q OH 1-10 $ T > H O e  ---' HO 4ryH (23) 

Ho ' OH OH OH 
a-D-GI ucopyranose 

(26) 

D-Slucose P-D-GI ucopyranose 
(27) (28) 

form nor Schiff base formation takes place. Polarographic measure- 
ments have recently shown, however, that in the mutarotation reaction, 
catalyzed by aldose 1-epimerase from E. coli, formation of a reducible 
open-chain form is not accelerated 303. Therefore it is concluded that 
the reaction proceeds as shown by reaction (24). The nature of the 

a-D-Aldose -t- Enzyrne ~5 D-kldose-Enzyme B-D-Aldose + Enzyme (24) 

enzyme-substrate complex is still unknown. As a matter of fact, 
aldose 1-epimerase from E. coli is inhibited by MP-CMB. Thus 
S-H groups may participate in the catalysis. In  this case it is possible 
that the intermediate has the structure of a thiol l ~ e m i a c e t a l ~ ~ ~ .  A thiol 
hemiacetal-enzyme complex has yet to be isolated. 

Aldose 1-epimerase is found in Penicillium n o t a t ~ i m ~ ~ ~ .  306, in various 
mutants of E. coli3O4, and in many animal organs305. The hishest 
activities are obscrved in kidneys and crystalline lenses of mammals. 
The purification of this enzyme from P. ndtatum ,06, hog kidney 307, and 
E. coli K 12 308 has been described. 

All the enzymes mentioned have a high specificity for glucose and 
galactose. Sugars with other configurations of the hydroxyl groups at 
C,,, or C,,, are vcry slowly anomerized, if at all. The polarimetric 
analysis of the mutarotation of D-ribose shows that the reaction con- 
sists of at  least two steps; because the rotation values reach a maximum 
and decrease with time. Only one of these steps is accelerated by thc 
enzyme of E. coli3O3. Glucose-6-phosphate isomerase from yeast 
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catalyzes the mutarotation of a-~-glucopyranose-6-ph~jphzie to a 
higher extent than that of a - ~ - g l u c o s e ~ ~ ~ .  I t  should be noted that the 
general acid-base-catalyzed mutarotation of sagar phosphates is Caster 
by two powers of ten than that of the free sugars. Since inorganic 
phosphate is known to catalyze the m u t a r o t a t i ~ n ~ ~ ~ ,  one might 
describe the above catalysis as an ‘intramolecular’ one. 

The aldose 1 -epimerase is inhibited competitively by rnany 
mono- and some disaccharides, as well as by a few glycosides. In  
aximal organs both the ability for active transport of sugars and the 
glucose consumption are often parallel to the aldose 1-epimerase 
activity. Since the inhibitory constants for phlorizin are almost the 
same in relation to active sumar transport and aldose 1-epimerase 
activity in hog kidney cortex, it is concluded that aldose 1-epimerase 
participates in the control of sugar transport and comumption 305. The 
interdependence between the occurrence of aldose 1-epimerase and 
cataractogenic sugars in the lerzi has also been discussed 311. 

Some enzymes exhibit a high specificity for the configuration of the 
anomeric carbon atom as, for example, the glucose dehydrogenase from 
Ever 312, the glucose oxidase from P. notatum 302, the galactose dehydro- 
genase from Pseudomonas saccharophila 2so, and the glucose 6-phosphate 
dehydrogenase from yeast 509. All these enzymes are highly p specific. 
On the other hand, the galactokinase from yeast is u specific313. The 
glucose-phosphate isomerase from yeast has a greater affinity to the 
opcn-chain form thaii to the cyclic hemiacetal form ofits substrate, and 
the hexokinase from yeast phosphorylaks both a- and & $ U C O S ~ ~ ~ ~ .  

The main significancc of aldose 1-epimerase may be its ability to 
catalyze the reversible transformation of the free or phosphorylated 
sugars to their anomers. This would mean that the enzyme is a con- 
trolling factor in the hexose or hexose phosphate metabolism. 

I t  may be pointed out that Lhe catalytic eKect of the most purified 
preparations of aldose 1-epimerase from E. coli is higher by about nine 
powers c.f ten, compared with multifunctional ions, e.g. phosphare 303. 

One sEeu!d kzcp this also in mind in discussions of catalysis mechan- 
isms of so-called cnzyme models, e.g. ‘ 2-hydro~ypyridine’~’~. 
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1. IN+ROBUCV!ON 

Ethers cczn t̂ orli1 coordination conplexes with a wide variety ofBronsted 
and Lewis zcids by employing the unshared pairs of electrons on tne 
oxygen atom, just as in the cases of water, alcohols and sulfides. This 
coordination ability is, in fact, central to much of the chemistry of 
cthers. Most of their reactions proceed through such coordinated inter- 
mediates, and they may also serve a role in synthesis of ethers. under 
acidic conditions. Coordination ability has certainly been recognized 
as of prime importance in the solvent properties of ethers, for they can 
participate in relatively weak as well as strong interactions. 

The scope of the coordination chemistry of ethers is thus very broad. 
Since space does not permit us in the span of this chapter to give an 
exhaustive review of the subject or a complete compilation of data, this 
treatment will be limited to the presentation of the broad categories of 
ether complexes, as well as an outline of the general concepts of 
basicity that apply to ether complexation and the methods of measur- 
ing the strength and composition of the complexes. The literature has 
been surveyed through early 1965, and emphasis will be placed on 
recent developments. A brief general survey of tkz subject was pub- 
lished by &nett1 in 1963, and reviews of sever.z.1 special phases are 
available ; these will be cited in appropriate sections. 

The addition coinpounds of ethers can bc classified in three cate- 
gories: (u) ionized oxonium s ~ h ,  in which a hydrogen, metal or alkyl 
cation has been trailsferred completely to the ether oxygen atom, 
( b )  nonionized coordination complexes, liming a coordinate covalent 
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bond between the oxygen atom and an atom of a Lewis base, and 
(c) weakly bonded complexes due to charge trirnsfer, including 
hydrogen bonding. 

In  all of these categories, only one of the two unshared pnirs of 
electrons on the ether oxygen atom appears to be available for co- 
ordination. The lack of coordination with a secocd ciectron-acceptor 
molecule may- bc due in part to steric factors and in part to thc de- 
crease in availability of an unshared pair of ekcirons when the other 
pair is coordinated. Coordinaticn of cthers with !riethylaluminum and 
triethylgalliuin has bceii obsci-ved to came an iccrease in the electro- 
negativity of the oxygen atom, as shown by changes in the nuclear 
magnetic resonance spectra". 

Since oxygen is a relatively small atom, being in the second period 
of elements in the periodic table, the oxygen atom in ethers presents 
a field of high electron density, making it relatively difficult to polarize 
the oxygen atom. This situation has recently led to the classification of 
ethers as ' hard bases' 3- 4. Such bases generally interact more strongly 
with 'hard acids ', such as H" , Li + , Mg2 + and BF,, than do soft bases, 
such as the corresponding sulfides. 

II. CONCEPTS A N D  MEASUREMENT OF lNVERACVlON 

A. Types of interaction 
Association occurs when the total attractive forces are greater than 

the repulsive forces, the magnitude of the difference being reflected in 
the strength of association. Both strong and weak complexation with 
ethers depends in large measure on the polar nature of the ether. This 
is true also in the case of 1,4-dioxane, which has a small dipole moment, 
greater than zero because of the existence of the boat as well as the 
chair form. More important than the total dipole moment, however, 
are the local dipoles within the molecule, which serve as the sites for 
association. 

The types of forces operative in the interaction of ethers with electron 
acceptors are : 

1. ion-dipole, siich as 

which is of particular import:mce in the solvation of many salts, 
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2. dipolc-dipole, such 3 s  

R 
\*- d +  d -  

O....Y....CI 
d + /  
R 

which is exemplified by hydrogen bonding, 
3. dipole-induced dipole, shown in halogen-ether complexes 

\ 6 -  6 +  0 -  

R 

0 ....I .... I 
6 + /  

R 

Actually, in all cases, the ether inducts B. po5 rization in the species 
with which it complexes. The effect xvouici be small in the case of the 
less easily polarized Lit ion and greater for HC1. I n  turn, the ether is 
itself polarized by the interacting species. Thus, superimposed oil the 
forces above are those due to induced dipole-induced dipole. 

In the case of crystaXne complexes, there w w l d  be a small con- 
tribution from London di.$er;ion forces, which might be considered 
qualitatively as resulting fiom the synchronized motions of the elec- 
trons :::mong the molecules. The location of an electron in a molecule 
at  a given instant gives rise to an ‘instantaneous dipole’, which induces 
a dipole in its neighbor, and the effect continues through the crystal. 

5. The Stronger Complexes 
‘ Strong complexation’ of ethers generally involves interaction with 

Bronsted or Lewis acids with formation of a coordinate covalent bond. 
The strength of thesc ‘strong complexes ’ varies, however, over a wide 
range, and it is naturally of interest to establish criteria for comparing 
the strengths of interactions. 

The  strength of interaction has frequently been correlated with the 
heat of formation of the complex involvea. This criterion, however, 
cannot be applied with certainty, because part of the observed effect 
may be associated with alteration of the donor or acceptor molccule on 
complex formation. The heat of reaction in forming an adduct cannot 
be equated with the cneqy of the bond formed. The former is smaller 
by the amount of enci.gY required to alter the geometry of the donor 
and acceptor specics from clie Gee to the complexed state. This corre!a- 
tion is more likely to ‘Dz x;niid for a homologous series of donors with a 
comrnon acceptor, as the energies of structure alteration will tend to be 
similar with such a serics. 
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In  many cases, strong complexes can be treated in terms of the 
Bronsted-Lowry concept of acids axid bascs, or more generally by the 
Lewis theory. The equilibrium constant for the reaction can be 
measured, and this often provides a useful criterion for comparison of 
the strength of cornplexing of a series of acceptor molecules with a com- 
mon donor or a series of donors with a common acceptor molecule. 
Such equilibrium constants are, of course, highly tcrnperature-depen- 
dent, and their relative values may vary with temperature; indeed, a 
case is reported of revcrsa.1 of apparent donor ability of tetrahydroifuran 
and tetrahydropyran towards o-cresol between 5 and 20" 5. 

A related approach is to measure the equilibrium constmt oTa Lewis 
acid between two donor molecules, such as reaction ( l ) ,  or of two 

Lewis acids and one dcnor molecule. The concentrations in the equili- 
brium mixture can be &ermined spectrally, using infiared or nuclear 
magnetic resonaiice s ~ e c t r a ~ ,  and the results give a measure of the 
relative strength of the tivo complex species involved in the equili- 
brium. 

Direct spectral correlations have rcccived attention from several 
workers recently. The B-H symmetric and asymmetric stretching 
frequencies in ether- and amine-borane adducts were f ~ u z b  to corre- 
late closely with the heats of complex formation8. I t  has xcently been 
proposed that the change in the G-H stretching frequzncies in ethyl 
ether after complexation with boron trifhoride is duc :.=? the bonding 
of oce of the unshared pairs of electrons9, and a correintioc with com- 
plex strength may be established when more data are obtained. 

A number of nuclear magnetic resonance spectral correlations have 
Seen studied on a limited number of compounds. The lsF chemical 
shift in boron trifluoride ethyl etherate, methyl etherate and ethyl 
methyl etherate was found by Craig and Richards10 to correlate well 
with their stabilities, as measured by othcr methods. This is reasonable, 
since complexation should increase the electron density on the boron 
atom and hence the shielding of the fluorine atoms2. The electron 
density on the oxygen atom of an ether molecule should be correspond- 
ingly reduced on complexation, and the change in chemical shift of 
0-methyl protons in methyl ethcr and ethyl methyl ether complexes of 
boron trifluoride has been found to be in the order espccted from the 
stability of these cornplesesll. The change of the internal differences 
between the methyl and methylene protons of ethyl groups was also 
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found to corrclate with ethyl ether and ethyl methyl ether-boron tri- 
fluoride, but this method would probably not be valid ge;ierallylO* l l .  

C. The Weaker Complexes 
As the interactions become weaker, it becomes increasingly marc 

difficult to get isolbble complexes. Some of the less stable complexes 
have been prepared at  low temperatures and studied by x-ray diffrac- 
tion, e.g. the cthyl ether-broniodichloromethane complex at  - 133” 12. 
Others have bcen detected by constructing phase diagrams from cryo- 
scopic studies, e.g. the dinitrogcn tetroxide adducts of tetrahydrofiiran 
and tetrahydropyran13. 

Most of the weak complexes, however, have been studied by other 
methods, and many methods have been devised because of ;he im- 
portance and interest attached to their interactions. Many of the 
ether complexes io which charge-transfer theory has been applied fall 
into the class of weak complexes. 

Weak interactions are of pa-ticular value in the study of relative 
intrinsic electron-dcnor abilities of ethers, because they prrturb the 
ground state of the ether rnoleculc only slightly. Hence the extent of 
interaction is a measure of the ground-state electron-donor ability, 
which in turn depends on the hybridization of the oxygen atom. I n  
strong interactions, therc is a change in hybridization as the coordina- 
tion number of thc oxygen atom increases fiom two to thee.  The 
energies required for these hybridization changes may not always be 
comparable, as may be the case for cyclic ethers, where the ring size 
might well afTect ease of rehybridization. 

The Bronsted-Lowry and Lewis definitions of acids and bases are 
not applicable to weak iriteractions where, as a result of polarization, 
there is only a small shift of electronic charge from donor (D) to 
acceptor (A). Mullikenl* has extended the concept of donors and 
acceptors to include all cases ofinteraction, strong and weak, in form- 
ing complexes of an.; molecular ratio. The most widely studied cases 
have been complexes of 1 : 1 composition. i n  the Mulliken theory14*’5, 
the wave function of the ground state, t,!JN, of a complex formed between 
one molecule of D and one of A may be approximated as a cornbina- 
tion of two extreme forms: (a) t,!JO(D.A), called a ‘no-bond’ wave 
ftinction, where the electrons remain in the occupied levels of the 
donor, and ( b )  $l(D+ A -  ), called a ‘dative-bond’ wave function, where 
an electron from an occupied level (usually the highest filled level) of 
the donor is transferred to an unoccupied level (usually the lowest un- 
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filled level) of the acceptor. This may be written as shown in equation 
(Z), where a and b are a measure of the magnitude of the contribution 

#N = ~ X D . A )  + W i o + ~ - )  (2) 

oFstates #o and (cI1 to the ground staic; for weak complexes u2 >> b2. 
The greater the shift of negative chargc from donor to acceptor, the 
greater will be the relative magnitude of b. The ratio b2/(a2 + b2) is 
a measure of the polarity of the cirxnplex. 

i h e  wave function of the excited state of the complex is given. by 
eqiation (3), where, for weak complexes, a*2 >> F2. The transfer of 

v 

4~ = a * + i ( D +  A -  - b"'$,(D.A) (3) 

air eiectron from do:ior to acceptor upon absorption of energy of the 
proper frequency (t,hpJ --+ $,J gives rise to a spectral band characteristic 
of the coxpiex2 called a -charge-transfer' (or CT) band. The corn- 
plexes are termed ' charge-transfer ' (or CT) complexes, although 
recently the terminology ' donor-acceptor complexes ' is becoming 
widely used. 

Ethers are classified as n donors, i.e. donors which use lone-pair 
clectrons in ccrr;F!exation. The CT spectrum arises from an excitation 
cf one of the lone-pair electrons (reaction 4). 

hv 

For aryl ethers, there are two possible bonding sites, the oxygen 
atom (n donor) and the aromatic ring (n donor) (1 and 2). For the 

purposes of this chapter, the latter will be considered as a substituted 
bznzene and will not be of concern here. Specific examples of charge- 
transfer complexes will be presented later. 
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D. Stoichiornervy and 5ase Strengths of Ethers 
The interactions involving complexation with ethers naturally result 

in modification of the chemical and physical properties of both inter- 
acting species, and give rise to new properties attribritahle to the 
complex. These changes may be correlated with the stoichiornetry and 
base strength of the complex. 

In  the general reaction of donor (E) and acscpor (A) to form a 
complex (C) (reaction 5), thc modification in properties results in a 

S. Searles, Jr., and h1. Tamres 

D+A,~C (5) 

deviation from ideal bchavior. Positive or nzgative deviations may be 
obtained, depcnciing 011 the physical property measured. 

-- 
0 

- 
L 

a e a 

I I I I 

I I I I 

Mole frcclion D 

I 
0 

FIGURE 1 .  Types of variations of propertics of an interacting system. 

I t  is useful to plot just the difference in physical property from ideality 
as a function of composition, as in the exaniple shown in Figure 2. I n  
the absence of steric complications, the magnitude of the difference is 
a measure of the electron-donor ability. Use of a common acceptor for 
a series of ethers will give relative basicities of ethers. Furthermore, if 
the property measured is a simple function of composition, the position 
of the maximum establishes the composition of the comples (method 
of continuous variation), which in Figure 2 is 1 : 1. 

I t  is of interest to note in this figure that the strength of interaction 
measured decreased with increased temperature. This is a general 
phenomenon for complexes, since increased thermal motion opposes 
the formation of the complex. 
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I t  must be borne in mind that tiic heats observed in such weak 
interactions do not represent heats of rormation per mole of complex, 
since only a small fraction of the molecules are in complexed form. It  
is necessary to dctermine the degree of association before determining 
the actual molar heat of formation of the complex. I t  is not necessaiy 
to do this to establish relative basicities for a series of ethers, since in the 
absence of changing steric effects, the degree of association parallels the 
strength of interaction. 

FIGURE 2. Heats of mixing for ethyl ether and chloroform. Data from 
McLeod and Wilson IG. 

Among other physical properties that have been studied to detect 
complexation with ethers are solubility 17. parachor 19, vapor 
pressurc 20, osmotic pressure 21, free surface energy 22, diffusivity and 
viscosity 23, second virial coefficient 24 ,  ultrasonic sound velocities 25,  re- 
fractive index26 and dipole moments2'. A number of these measure- 
ments enable determination of the composition of the complex, but 
nor the equilibrium concentration. The common method of determin- 
ing association constants is spectroscopy. 

111. CBASSIF!%ATIQN OF COMPLEXES 

A. Oxonium Salts 
With Lewis acids of the type H-Y or R-Y, a strong interaction 

with an ether can dissociate thc acid, resulting ii., the transfer of a cation 
to form an oxonium sdt. Srch c'. reaction is okcierved with several strong 
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mineral acids, such as pure nitric acid (reaction S), giving the corre- 
sponding dialkyloxonium nitrates (3). This type of interaction depends 
not only on thc strength of thc acid, but also on the nature of the 

R,O + HNG:, -; R,OH+NO,- 
(3) 

anion and of the medium. Thus, addition of an equimolecular amount 
of hydrogen chloride to ethyl ether (reaction 7) gives merely a weak 
hydrogen-bonded complex (4), xather than diethyloxonium chloride, 

as shown by the very low electrical conductivity, infrared spectrum 
and other properties of the mi~ture"*~g. The proton is not the only 
ion which can be transferred to the ether oxygen a'io.m, forming an 
oxonium ion, for analogous behavior has been observed with Group I 
metal ions, and acyl and alkyl cations may also he attached to the 
ether oxygen atom. 

1. Protonation of ethers 

When an ether is added carefully to pure nitric 
acid, a white solid or an oil may precipitate. The precipitate has been 
isolated in the cases of ethyl ether, n-butyl ether and lJ4-dioxane, and 
was found to contain one molccule of nitric acid per ether niole- 
cule 30* 31. The isolation of the ethyl ether and tetrahydrofuran adducts 
was rendered difFicult by their tendency to decoinposc explosively 
after isolation. The ether nitrates are considered to have essentially the 
ionic structure 3 because of the presence in their infrared spectra of 
a band at  about 1400 cm-l, characteristic of the nitrate ion, and the 
shift of the typical C-0-C vibration to lower wave numbers31. 

The extraction of butyl ether from benzene by aqucous nitric acid 32 
seems attributable to protonation of the ether to form the oxonium 
salt, wbich must be quite soluble in water. The dissociation constant 
of butyl ethzr nitrate in water, K = [Bu,0~HN03]/[HN0,][Bu~O], 
was determined by Fomin and M a ~ l o v a ~ ~  to be 8.8 x corre- 
sponding to a pk', of - 3-05 f ' x  n-butyl ether in water. Deviations from 
this relation in dilute acid solutions were attributed to hydration 'of the 
ether-acid complex. 

Sulfuric acid reacts with 
aliphatic ethers to give low-melting crystalline compounds of both 

a. By nitric acid. 

b .  By sulfuric acid and halogenosulfuric acids. 
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1 : 1 and 1 : 2 coinposition (reaction 8). A number of these have been 

(8) 

isolated33 and. additional evidence for these two types cif oxcnium 
sulfate salts from ethyl ether has been obtained from heat capacity 
data3*. The 1 : 1 complex was fcuiid to be the higher-melting and pre- 
sumably niore stableforin in each case. 

Thc oxonium salt structure for the 1 : 1 ethyl ether-sulfuric acici cam- 
-.]-,;. I.. I a. is . 
p3ini iowering of sulfuric acid by ethyl ether 35*36. Other n-alkjrl ethers 
give similm remlts, which are attributable to complete or nearly corn- 
pfete protonation of the ether oxygen atom, giving the oxonium and 
bisulfaie ions (reaction 9) 36, 3 7 u  Negatively substituted ethers are some- 

RZO + HZSO, - > H3S0, .Rz0 and H,S04.2R,0 

shown by the initial van't Hoff i factor of 2.0 for the 5wzing- 

what less strong bcses, 5.g. 2,2'-dichloroethyl ether with an initial 
i factor of 1. An initin: 3' factor of 2.24 observed for isopropyl ether is 
probably d:ie to the dGsopropyloxoniun1 ion formed being !ess stable 
than di-11-zikyloxonium ions. 11: all cascs, the z' factor increases with 
time to a value of about 4, probably due io fission of the monium 
ion in the sulfuric acid 36. The observation of Jacques and Leis ten that 
the rate of ether cleavage in concentrated sulfuric acid is unimolecular 
in ether, with the rate proportional to the sulfur trioxide concentration 
of the acid, led them to proposc that the active reagent is the free 
sulfur trioxide present, which adds to the protonated ether to give a 
new oxonium ion (5 ) ,  which subsequently undergoes fission (re- 
action 

E,OH+ + SO3 y> [R30SO3H]f - z R+ + ROS03H (10) 
( 5 )  

Chlorosulfonic acid is reported to give a complex with ethyl ethcr 
which is a useful sulfonating agent for secondary alcohols 38. 

Aromatic ethers are only sparingly soluble in sulfuric acid, and the 
1014 i: factors show them to be weak bases in this solvent 36. I t  has been 
proposed that protor,ation occurs on the oxygen, because anisole and 
dimethylaniline show similar ultraviolet spectral changes when pro- 
tonated by sulfuric acid 39 ; but nuclear magnetic resonance studies on 
misole in fluorosulfuric acid and in HI; plus BF, showed clearly that 
ixotonation is on the aromatic ring (reaction l l ) ,  primarily at  the 
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para-carbon atom, as in 640*41. The resulting oxonium ion is thus more 

CGHS-O-CHS -t Hi (1 1) 

(6) 

like a carbonyl oxonium ion than an aliphatic ether oxonium ion and 
is exceptionally labile to displacement processes on the aliphatic carbon 
atom, like triadkyloxonium ions (section III.A.5). Similar carbon 
protonation apperrrs to occur with conjugated enol ethers in acetic 
acid solutbi, io give similar, very labile carbonyl oxonium ion inter- 
mediates 42. 

FGng protonation of aryl ethers is probably quite general, having 
been demonstrated for Iy3-dimethoxybenzene 41 and 1,3,5-trimethoxy- 
benzene 43, but 5,5-dime:hylhomochroman (7) may be an exception. 
Marked steric inhibitlor, of resonance in this ccmpourid, no doubt 

(7) 

imposed by the noncoplanarity of the seven-membered oxygen- 
containing ring, has been indicated by its ultraviolet spectrum 44*  45, 

and it is a stronger base than anisole by 4-60 pK u n i t ~ ~ ~ , ~ ~ .  Since 
steric inhibition of resonance in aromatic amines has a much smaller 
esect on basicity (there is a difference of only 2.73 pK units between 
N,N-dimethylaniline and benzoquinuclidine, both of which apparently 
protonate on nitrogen 47) , it seems reasonable that oxygen protonation 
n?ay occur with 7. 

c. By complex halogen acids. Iii the presence of a metal halide, which 
is able to form complex halide anions, hydrogen halides react with 
ethers to give protonated oxonium salts. These are commonly etheratcs 
of the complex halogen acids, HMX,, where X represents a halcgm 
atom an.d IvI the metal atom. Many such etherates have been reported, 

'The simplest types have the formula HMX,-R,O, with X a s  
ChloIiile, M as antimony(v), iron(rxr) or aluminum and the ether as 
methyl, ethyl, isopropyl or pixnyl ether, or tetrahydrofuran, anisole or 
phenetole 4E-50. These etherates are crystalline compounds of white or 
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yellow color, which melt with decomposition at moderate tempera- 
tures. The high electrical conductivity observed for them iri liquid 
sulfur dioxide solution led Klagcs to formulatc them as oxonium salts, 
R,OH+MCl,-, and they are named as such, e.g. dimethyloxonium 
hexachloroantimonate for the case where R is methyl and ivi is 
antimony. 

Similar complex etherates are obtained when the metal atom is 
tin(rv) , but the stoichiometry is necessarily differezt, due to the pre- 
sence of two protons and two ether molecules per tin atom, which is 
hexacoordinated in the complex anion, e.g. H,SnCl, 2Et,C) I t  has 
been reported recently that the complex acid from stannic chloride 
and acetic acid forms an ethyl etherate of StrUcture, Et,OH+ 
[SnCl,OAc. HOAcj - , where apparently the coordinated acetate 
anions tie up one proton per molecule too firmly t~ allow the ether to 
coordinate with it 51. 

The simple cGmplex acid etherates are generally prepared by intro- 
duction of h;ldwgen halide into the appropriate metal etlierates 
(section III.B.3,4 and 5) dissolved or suspended in a solvent: such as 
methylene chloride 3r liquid sulfur dioxide (reaction 12). The oxonium 

S K I ,  + MezO - > Me,O.SbCI, - :- Me,OH+SbCI,- (12) 
HCI 

salt eithcr precipitates as formed, or is obtained by removal of the 
solvent and may be recrystallized fiom ethylene chloride, liquid sulfur 
dioxide or other solvents. These products are o,.tained in high yield 
and purity. The same method can be used for qaking monoalkyl- 
oxonium salts fiom alcohols instead of ethers 50. 

The reaction of hydrogen halide with metal halide etherate, which is 
used in the preparations described above, is generally reversible, and 
&ere is a tendency for these complex acid etherates to decompose on 
standing, reforming the hydrogen halide and metal halide ctherate. 
Klages and his collaborators Live detzrr,g::ed the equilibrium pres- 
sure for many of these etherates at varinlic +'-. ,ratures; particularly 
high were the cxqdibriurn pressures L~ dimethyloxonium tetrachloro- 
aluminate xn5 ietrachloroferrate, refiecting the lower stability 3f these 
cornidex acid etherates. 

A second molecule of ether rcacts readily with each of the simple 
etherates described above, to Corm a new compound with am ether to 
acid proion ratio of 1 : 2. These compounds, which typically have the 
molecular formula HMX, - 2R,O, have much lower vapor presscrc 
and correspondingly greater stabilicy than those of the simpler 
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formula48* These etlierates are low-melting crystallim solids or 
viscous oily liquids, usually intensely colored. They are insoluble in 
nonpolar solvents such as benzene, but readily soluhlc in moderately 
polar solvents, such as nitrobenzene? chloroftxm or liquid sulfur di- 
oxide, forming electrically conductkg solutions 50. ,5Za.  52b. Some of 
these compounds, such as HGzCl, 2Ei20 52a, are moderately soluble 
in ether, while others, such as HALBr, - 2Et20 52a. e33 are not appreci- 
ably ethcr soluble, reflecting the importance c,f the size of the anion. 
All of these compounds, however, react vigoroiidy with water, and the 
belylZmn complex acid etherates, HBeC1, 2 EQ and HBeC1,br - 
2Et28, a.;e reported to fume in air with loss of hydrogen halide54. 

In  view of the properties and elemental analyses obtained for these 
compcunds, they arc considered to possess ionic structures, composed 
of the comples anion and a large cation consisting of the dialkyl- 
oxonium ion hydrogen bonded to a secand ether molecule50. For 
example the compound HAlClBr, - 2Et20 would have the structure 
8 and would be named diethyloxonium chlorotribromoaluminate 

S. Searlcs: Jr., and M. Tamres 

(8)  

etbyl etiierate. G a l i n o ~ ~ ~  has proposed that the proton serves as a 
‘hydroSen bridge’ between the two ether molecules and is sicuated 
midway between them, but there is no evidence as yet on the exact 
position of the proton relative to the two oxygen atoms. 

It is interesting that it is possible to exchange the ether in these 
complex acid etherates by treatment with another ether. KIases 50 

reported that thc. reaction of c-butyl ether with dimethyloxonium 
hexachloroantirnonate methyl etherate in ethylene chloride ai 75” gave 
the corresponding dibutyloxonium hesachloroantimo-n_ate, idedfied 
by conversion intc tribut-yloxonium hexachloroantimonate by reaction 
with diazoacetk ester (section III.A.3). The ethcr exchange in the 
complex acid etherate may have proceeded actually by the oxonium 
ion serving as a Eronsted acid towards the uncomplexed n-butyl ether, 
with the expected equilibrium displaced in this case by volatilization 
of methyl ether at the reaciion temperature used (reactions 13 arid 14). 

[Me20H.@Menj+ + Bu& [Me,CH-OBu,]+ + Me,O 1 (13) 

[Me20H.0Bu,j+ + Bu,O [Bu,OH.OBu,]+ + MePo?  (14) 
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There seems to have been no attempt to investigate the possibility of 
mixed etherates, [R,10-H--OR,2] + MX,-, ammonium etherates, 
sulfide ethcrates or the like, but a recently reported etherated am- 
monium salt of vanadium hexacarbonyl hydride, of the formula 
NH,V(CO)GOEt2 54b, may be of this gcneral type, as [NH,-.--.OEt,] +- 

[V(CCj,] -: although there is as yet no information on the structure of 
this csmpound. 

Co:l~pic..-; h.a!ogc:i acid dietherates can often be preparcd ili high 
yield ;lnd esce!lent purity by the very simple procedwe of dissolving 
the metal involved in an ether solution of the hydrcgeil haiide 51* 55, or 
by the equally simple iiieihod of directly bringiqg the anliydrous metal 
halide and hydrogen halide into reaction in the anhydrous 
ether 51* 56-58. The latter niethod has been termcd 'etherohydro- 
halogenosis' by G a l i n ~ s ~ ~ .  These procedures have been used for mak- 
ing a large number of complex acid etherates, but in some cases a ratio 
of ether to acid proton different from 2:  1 has been observed, viz. 
IIMBr4.5Et20 with M = M-n or Fe58 and H,CdX4.3Etz0 with 
X = C1 or Br55. These complexes are no doubt of the same general 
type, differing from the usual cases in the degree of solvation by ether ; 
those with more ether molccules than usual may have some entering 
the coordination sphcre of the metal atom. 

Complex halogen acid etherates are important in the extraction of 
various metals which form them. I n  the ether extraction of ferric iron 
from hydrochloric acid solutions, wlich has been an analytical pro- 
cedure for over seventy-five years, the species in the ether phase has 
been shown to be HFeC1, complexed with and the analo- 
gous extraction of gallium(II1) involves the analogous HGaCl,-cther 
complexG1, the solubility of which in ether was noted above. This type 
of extraction of such metals is quite general for ethers, as well as for 
other mildly basic organic solvents, such as ketones and estersG2. The 
extrxtion of cobalt (11) from perchloric acid-thiocyanate solutions 63, 

ofpiutonium(1v) from nitric acid solutions 64 and of polonium(1v) from 
hydroch!oric and nitric acid solutions 65 provides additional examples 
of this zppkation of complex acid etherates. 

d. By p r c h h i c  O C ~ .  Although only carbonization was observed on 
mixing dioxaiie with pure perchloric acid, e w n  a t  - 80°, a crystalline 
molecular ad.dition compound was isolated by mixing 1,4-dioxane 
with 70% perchloric acid and immediately cooling to 0" to cause prc- 
cipitation of the etherate66, I t  was found to be stable in a dry atmo- 
sphere, a!though it liquefied in moist iLir, and it was given the formula 
HG!..04. C4H802. 3sz0, although the analysis actually corresponded 
9 -+ C.E.L. 
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approximately to HC104 2C4H,02. H,O. The physical properties 
and analysis suggest the structure 9 by analogy with the complex 

[\Yo- ,... 0 0 [CI04. H@]- 
W - I' 

(9) 

halogen acid etheraies. Thc relative basicities of diosarie and of ethyl 
ether have been determined b i 7  titration with perchloric acid in glacial 
acetic acid67-69. 

The nature of the hydrogen halide-ether 
complexes has aroused a great deal of interest, because of the different 
results obtained under different conditions. The solubility of hydrogen 
halides is greatly dependent upon the temperature, as well as the 
structure of the cther, and the properties of the complexes zre much 
affected by the amount of hydrogen halide present. Thus, the elec-hcal 
conductivity o f  niethyl ether-hydrogen chloride is very low in com- 
positions containing less than a 1 : 1 ratio of hydrogen chloride to 
ether, but iricrcases approsirnateiy ten-fold. as the amount of hydrogen 
cf.2criCc is increased bzymd the 1 : 1 ratio until maximum conductance 
is observed at about a 5:l The Raman spectrum of this 
system changes greatly with the hydrogen chloride-ether ratio, and 
has been interpreted by Vidale and Taylor as due to three complexes, 
having 1 : 1, 3:  1 and 4: 1 ratios of hydrogen chloride to ether7'. The 
isotope effect with deuterium chloride showed that the first of these 
was a hydrogen-bonded complex and that the other two were oxonium 
salts. The structures of thesc must be 10 and 11 with the additional 
hydrogen chloride molecules solvating the chloride and the resulting 
decreased basicity of the anion permitting separation of the dimethyl- 
oxonium ion (reaction 15). 

e. By hydrogen halides. 

2 HCI HCI 
MeoO + HCI - > Me20-HCI j Me,OH+CI(HCI),- - > 

(10) 
i"Ic,OH+ CI(HC!),- (15) 

(11) 

Similar oxonium salt formation with excess hydrogen ha!ide has 
been observed In th.: case of hydrogen fluoride also. Ethers dissolve 
with ease in snhydi-ous hydrogen fluoride to give solutions ofrich are 
high!y co..idac:ing 1,vhen there is a large molar excess of h;;drogen 
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fluoride, but which have very low conductances even when the acid to 
ether ratio is less than 5 : 1. Apparently the amouilt of' acid required to 
solvate the halide ion sufficiently to permit ionizatioil is much greater 
for hydrogen fluoride than hydrogen chloride. I n  a study of the eflcct 
of concentration on the conductance of erhyl ether-hydrogen fluoride 
solutions, Quarterman and his collaborators 72 showcc! that maxirnium 
conductance was observed at 5.6% ether, correspondir;g to a 70: 1 
molar ratio of hydrogen fluoride to ether. D u d e n  and cciworkei-s have 
recently reported that mixing equimolar amounts of hydrogen fluoride 
and ethyl ether in octanc solutions gwe con!$ex formation, as show:i 
by the heat evolution of about 18.7 kca!/inoieS"*7';. This is a somewhat 
higher heat of mixing than observed with hydrogen c!i!oride and ethyl 
ether under the same conditions (10.5 lrcal/mole) and indicates forma- 
tion of a stronger hydrogen-bonded complex. Further hydi ogcn 
fluoride was absorbed by the ether, however (as much as 10 moles of 
hydrogen fluoride per mole of ether), with further enthaipy changes 
and with the separation of the complex from the octane solutim as a 
heavy second layer, indicating the formation of an oxonium salt under 
these conditions (reaction i C j .  

Hydrogen bromide fornis a 1 : 1 complex with mcthyl ether wlzich 
melts and boils at  a consicierzbiy higher temperature ( -  13" and 5", 
respectively) 7 5  than the corresponding hydrogen chloride complex, 
and the Raman spectrum showed7' that it was not a hydrogen-bonded 
species but was similar to the oxonium salts (BCS and 11). In the con- 
densed phase, hydrogen bromide has a greater apparent ability to 
form an oxonium salt structure, h.Ie,OH+Br-, of the 1: 1 complex. 
1,8-Cineole, a terpene ether (lz),  is reported to form a well-defined 

salt readily lvith hydrobromic acid 7 G .  This relativeljr stable compound 
mcited at 56-57' and gave an elemental analysis in agreement with 
thc 1 : i adduct, C,oH,,OH+Br--. 

T!ie ease of cleavage of ethers with hydrogen iodide7' is attributable 
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to similar oxonium salt formation, with the anion being a strong 
nucleophile which attacks an a-carbon atom in the cation. B u r ~ e l i ~ ~  
has presented arguments for all ether clcavages proceeding by way of 
oxonium sa!: htermediates, which may, of course, exist in equilibrium 
with hyd~.::.r:;!i-loondcd complexes. 
f- Eic,i.- :I! i ~ t t s : ~ 7 n t ~ .  Attempts have been ixladc to determine 

basic;:,,. ' :.:::ianis of ethers by severai groups with widely different 
results. .:ia15 iiy,ost extensive study was made by .Arnetr and W U ~ ~ * ~ ~  
using the relation beween pKa, the acidity functim So of concentyated 
sulfuric acid solutions and the distribution CociXcient of an  e d x r  be- 
tween such solutions and cyclohexane 81. The distribution coefficient 
was determined by gas chromatography. The results indicated the 
general basicity of aiiphatic ethers to bz much lower than that of 
water, varying widely with structure over the pica range of' -5.4 to 
- 2.0 8 0 .  02. The pK, for ethyl ether was found to be - 3.61. 

The much lower pK, value of -6-2 has been reported for ethyl 
ether by Edward and his colleagues, who determined the concentra- 
tion of protor?ated and unprotonated species in sillfuric :xid solutions 
by intensities of nuclear magnetic resoiiznce ab.;crptions 83a, and a 
similar value is indicated by the conductance of formic acid solu- 
tions a3b. Thc validity of the nuclear magnetic resonance method was 
indicated by agreement of pK, values obtained by it for the conjugate 
acids of propionamide and propionic acid with those by the Hammett 
indicator method. These workers pointed out that Arnett and Wu's 
ex traction would probably have included hydrogen-bonded complexes, 
such as Et,O--H,O+, with thc simple diethyloxonium ion. I t  may be 
noted that with concentrated sulftiric acid the precision was much 
limited by difficulties with the H, scale, due to the lack of overlap of 
the different indicator scales used 80* 93a. 

determined the pR, of 1,4-dioxane in glacial 
acetic acid to be -4, by means of titration with perchloric acid and 
the use of indicators. The basicity of ethyl ether has been estimated as 
-4.13 by a similar m e t h ~ d ~ * * ~ ~ .  The basicity of n-butyl ether was 
lower, so that it was beyond the range a.ccessible by this method". 

A different approach has been reported recently by Giles and 
Wellsa4, who observed that the addition of go! of dlosane, acetone or 
an alcohol to dilute aqueous hydrochloric acid solutions has a signi- 
ficant effect on the apparent acidity of the solution, as shown by in- 
dicators. With the icnic strength of the soliltion mainsained at 1.0 to 
minimize activity variations, the results cnuid be correlated \vith varia- 
tions in the basicity of the orcariic ._. solvent present. The resu!tixg order 

Lemaire and Lucas 

J ?  
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of basicity observed was dioxane > acetone > alcohols > water, and the 
basicity constant of dioxane, Kk = [C,Hs02H+]/[C4H80,] [H,O +], 
was evaluated as 0.70 at 25", corresponding to a pK, oi' 1.58. This is in 
marked contrast to the value of - 3.1 6 obtaincd by &nett and W t i  for 
dioxane 82. 

Wells has expressed the view that this grcat difference in the basicity 
of ethers relative to water determined by the two methods is largely 
explicable in terms of the difference in the protonic species present in 
the solutions 85. In dilute aqueous solution, there is substantiai evidence 
for the proton being present as (H20) 4H + , while in moderatuiy con- 
centrated sulfuric acid solutions it is present as a lower hydrate, such as 
(I-120)2H+ which is less acidic, due to the protorr afinities of the 
oxygen atom of the water being less satisfied by internal hydrogen 
bonding. Tile differences in the solvating ability of' dilute, aqueous and 
concentrated. acid solutions is no dollbt ancther fxtor.  There is 
similar difficulty in interpreting relative basicities of organic com- 
pounds by comparing the extent of reaction cr' hydrogen chloride in 
each as pure solvent, as has been done in some C ~ S C S ~ ~ .  The  K ~ c t  that 
dioxane reacts with hydrogen chloride to a lesser extent than does 
water could be attributed to the poorer solvating ability ofdioxane for 
the ionic species8*. 

There have been two additional, independent dcterminations cf the 
pKa values of ethers. The determination of p K ,  for n-buiyl ether as 
- 3-05 by Fomin and M a ~ l o v a ~ ~ ,  mentioned in section I1Z.A. I .a, from 
the distribution of nitric acid between n-butyl ether and watcr, is much 
higher than &nett and Wu's value o f  - 540eo.  On the other hand, a 
very much lower basicity for ethyl ether may be inferred !?om the 
ionization in anhydrous hydrogen fluoride. Quartexman and his colla- 
borators 7 2  observed that ionization of ethyl ether in anhydrous hydro- 
gen fluoride was 50% in 0.36 M solutions (and extrapolation o f  the 
data gives 51% ionization a t  infinite dilution). This result wculd 
correspond to a pK, for ethyl ether approximately equal to the Ho of 
anhydrous hydrogen fluoride, which is - 10.2 

For the moment, therefore, it wculd appear reascnable that the p K ,  
valties of ethers are not entirely settled and Axmy have to be defined in 
terms of the solvent used. Neverthciess, Arnett and Wu's pK, values for 
etherss0 are very interesting in showing combined effects cf steric and 
electronic factors on the basicity of ethe!-s ia sulfixic acid solutions. I t  
wr?,s observed that methyl and t-butyl ethyl ethers were n x r e  basic than 
rnethyi isopropyl ether, which was more basic in turn tkm di-nalky! 
ethers with fhur carbon atoms or iess. Increased length of' xi: n-alkyl 
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group, Iioi~i~e7,xr, was associated with much lowcr basicity ; prcsumably, 
this decrease in basicity is due to decreased solvation, whereas thc 
cffect of ixreasing the degree of substitution of the alkyl group is pre- 
sumably an electronic effect. Phenyl ethers were found to have basicity 
constants about one thousand times smaller than aliphatic ethers 46. 

A marked effect of ring size was observed among saturated cyc!ic 
ethers, the basicity of the simple five- and seven-membered cyclic 
ethers being greater than that of the six-membered oneQ2. Thc reasons 
fcr such effect of ring size has been more fully studied by other tech- 
niques ai-id is fiirtner discussed in section 1V.D. Dioxanc was noted to 
be less basic thar, other cyclic ethers, no doubt due to the mutual nega- 
tive i:iciucu-.re effcct of each oxygen atom, but nevertheless it was more 
basic than any acyclic di-n-alkyl ether. Some typical pK, values for 
ethers are given in Table 4 (end of section 1II.C). For a reccnt and 
inore extensive compilation of pK, data for ethers, the reader is re- 
ferred to a recent review by Arnett 89. 

2. Solvation of metal ioiis by ethers 

I t  would semi reasonable that caiions other than the proton could 
coordinatc \vit!i ethers, by analogy with the familiar hydration of 
caticns. I t  has been establishcd in a nuiiiber of cases that this type of 
interzction does indeed occur, but most of the metallic salt etherates 
fit the category oi' molecular complexes better than that of oxoniuiii 
salts, and r?re tieated in section 1II.B. Ether-solvated cations would, of 
course, be most expected with small ions, such as lithium and sodium, 
which do not tend to form complex anions. 

One of the most striking cases of metallooxonium ion formation is 
that with lithium perchlorate, which is soluble in ether to the extent of 
44 mole per cent at  25" The electrical conductance of ethereal 
lithium perchlorate solutions indicates the presence of ether-solvated 
lithium ions, and vapor pressure studies by Ekelin and Si1len9l showed 
that the ether to lithium molecular ratio was bztween one and two. 
Although these complexes arid the anion may form ion clusters, these 
are sufficiently loose to allow conductancg t.o take place by siiigic-ion 
transport, and introduction of otiie" i.onizing species appears to lead to 
ion quadruplets. A remarkable importance of the latter phenomenon 
was obscwcG by Winstein end c<>vior!~:.<!.:: "2, \\rho found an increase in 
the rates of ionization of dkyi tcs)+ , :&ces : and cyclohcsadienyl .p- 
nitrobenzoate of 10" to lo6 i~: ethcr Gi>firt addition of c!-l hi k h r n  
perchlorate. 
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Lithium perchlorate is soluble in other ethers, but the degree of 
solubility does not parallel the relative basicities of ethers as measured 
by other methods (Table 4). Thus, it is nearly zs soluble in propylene 
oxide as in ethyl ether, and about one third as soluble in n-butyl ether 
and tetrahydrofuran as in ethyl. ether. The solubility in anisole and 
dioxane was very low 93. The !ow solubility of lithium perchlorate hy- 
drate in ethyl ether (0-20;,j indicates the importance of direct attach- 
ment of the ether to the lithium ions for solubility. 

Lithium aluminum hydride forms stablc monoetherates with ethyl 
ether and with tetrahydrofuran, and an unstable dietherate with 
ethyl etherg4. By analogy, these niay be considered to involve iGnic 
structures with ethcr-coordinated lithium ions. The reported stable 
monoetherates of lithium borohydride with ethyl cther and with 
tetrahydrofuran, and a less stable diethcratc with th? latterg5 are 
undoubtedly similar. Likewise, lithium tris(diphenyiamin0) aluminum 
hydride has been obtained as a monoethzrateg6. Lithium indium 
.hydride, however, is reported by Nordwig to form tri- and penta- 
etherates, and lithium trihalogenoindium hydridcs, to form tetra- and 
hexactherates 97, suggesting that ether coordination with the com- 
plex indium anion, as well as with the lithium cation, may occur. 
A piienyllithiuni-phenyltungsten-ether complex, analyzing as 
WPh, .2LiPh 3Et,0 98, may be m ionic complex salt, Li2\VPh6, 
with onc: to two ether molecules coordinated with each lithium ion. 
Lithium iodide has bem isolated as a crystalline dictherate by 
Talaiacva and associa,tes and thz etherated ‘ double salts ’, 
MeLi . LiI - 2Et20, MeLli. Li13r. 3Et,0, ctc., isolated from the re- 
actions of lithium me.cal with methyl iodide 2nd bromide in ethyl 
ether ”, are likely to be coinples salts, possessing ether-solvated lithium 
ions, such as (Li.2EtZ0) +(MeLil3r) -. 

There is definite evidence for ether coordination with the sodium 
ion, also. The substituted sodium borohydride salts, NaBH,SCN, 
NaB,H,CN and N2BH,NMe2, were isolated by Aftandilian and 

as etherates with dioxane, the first two involving two 
molecules of dioxane per sodium atom and the last one-half molecule 
of dioxane (and one ether oxygen atom) per sodium atom. Sodium tri- 
decabydrodecaborate has been isolated as a monoetherate with ethyl 
ether, NaB1,H13 - Et20, and a dictheratc with methyl ether lol. lo,. 

I he conductance of sodium ietraethyIdumir,um in toluene was 
found by Day and coworkerslo3 to be enhaxed approximately ten- 
fdd  Ey zddition of ethyl ether in an equimolecdar amount; further 
addition of ether had no further marked effect, indicating that the 

m 
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ether had caused dissociation of the ion pairs by forming the sodium 
monoetherate ion, which is less prone to associate with the anion 
(reactiar? 17) Io3. The effect of temperature OR the conductance a h  

(Na+AlEt,-) + Et,O w (NaOEtz)+ + AIEt4- (17) 

was revealing : increased conductance with temperaturc was observed 
for the sa1.t ii> pure toli!ene, as is to be expected from the tendency for 
thermal dissociation of io:i pairs, wherens the conductance decreased 
with increcsing temperature of ether soluiiom, Inuicating thermal 
dissociation of the sodium ion-ether complex. 

The monoethyl etlierate of sodium tetraethylboron h ~ .  been isolzted 
as a crystalline solid, but the ether molecule is not held -my frl1>!jr, a s  
it is lost by volatilization in vacuo a t  120" I o 4 .  Sodium triethyliioror, 
hydride and sodium phenyltriethylboroc appear to fixm similzr ethyl 
etherates (being readily prepared in ether and very soluble in it) from 
which the ether can be readily removed by volafiiization. 

Polyethers such as diethylene glycol dimethyl ether (' diglyme') 
appear to complex much more strongly and more extensively with 
sodium ion than does cthy: cther. Zook and Russo105, who formulate 
this complexation as in 18, observed that the sodium enolates of n- 
hutyrophenone and diphznyiacetopheiione are much more soluble in 
the dimethyl ethers or ethylene glycol and diethylene glycol than in 
ethyl ether, and that these solutions show a high dcgree of electrical 
conductivity, in contrast to the lack of conductivity reported for solu- 
tions of sodium enolaics iil ethyl ethcrlo6. The much greater rate of 
alkylation of these enolatcs with ethyl bromide in these glycol ether 
solvents than in ethyl ether also indicates a much higher degree of 
ionization. 

These observations, of course, correlate with the greater solvation of 
sodium ions by di- and polyethers, leading Zook and Russolo5 to 
formulate the products as enolate salts, such as 13 + 14, tetraco- 
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ordination oC the sodium ion being assumed fiom the fact that i t  has 
been observed in some known complexes of the sodium 

Similar solvation effects of ethers have been observed in the addition 
of sodium to naaphthalcne (reactior!. !8), which has been found to take 

lo*. 

p1ric.e better in methyl ether lo3 and in te t rzhydr~furzn~'~ than in 
etliyi ether, as to be expected fi-om the grezter basicity of thz first two 
ethers shown towards man): other Lewis acids. The reaction takes place 
particularly readily, hcjwever, in 1,2-dirncthoxyethane, again indicat- 
ing the increcclsed stability of cncrdination when a chelate ricg can be 
formed. Similar ease G f  reaction is observed in 1,2-diethoxyethane and 
ir, the dimethyl and diethjrl ethers of diethylene glycol 

The grcen, ethereal solutions oi' sodium naphthalene show electrical. 
conductance, leading Coates to state that they consist of solvated 
metal catims and hydrocarbon anions110* I13. Recent electron spin 
resonance evidence on the rate of reaction of naphthahe  with the 
naphthalene radical anions confirms such m ionic structure for the 
glycol ether solutions, but indicates that the ethyl ether solutions con- 
tained :he sodium naphthalene principally in the form of ion pairs lI4. 

Eargle's observation of similar structural effects in aliphatic ethers 
used as solvents for alkali metal cleavage of aromatic ethers, is very 
interesting (reaction 19)l15. The rate of this cleavage reactioi-i de- 

Ar20 + 2 M + ArOM + ArM (19) 

pended strongly on the nature of the ether solvent in the approximatt.: 
order: 1. ,2-dimethoxyethane > tetrahydrofuran > tetrahydropyrau > 2- 
methyltetrahydropyran. 

Such an order suggests that the solvation of alkali metai cations 
forined. is a rat<:-determining factor here. Wilkinson and his students 
hnct. observcd similar structural effects of ethers in the dissolving of 
sodiurrl and potassium to give blue ethereal sc!utions of the metals :I6. 
The ability of an  ether to stabilize the metal caticns by solvation 
appears to ccntrol the rate of solution of ixelais, firming solvated 
cations and elcctrons'l". 

I t  has long been recognized that a-arylakylsodium compounds, such 
as tritylsodium, are dissociated into ions in ether solutions, as shown 

ll*. 

-. 

- 

9 *< 
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by ;he electrical conductivit? of such solutions 113* l17. Such dissocia- 
.tion is actually rather slight lL3, and the observed decrease in apparent 
ionization of tritylsodium. with dccrease in concentration indicates thzt 
the ioDization occurring is into sodium catioiis and ditritylsodium 
ar.ions, (Ph,C),Na- lo€. Thc probzble ether solvatior, of the sodium 
icns is generally acknowledged but has not been specifically investi- 
gated. The situation is probably similar to that recently observed for 
the cquimolar mixture clr phenylsodium and phenyllithium in ether, 
which Wittig and collaborators found to be in the form of the complex 
salt, Na + (Pi12Li) - which was isolated as a monoetherate. It semis 
reasonable that the: ether molecule was associated with the sodium 
atom, although this was not proved. 

Recen.t!y, the formation of sodium salts of 6-methylazu!er:c aid 
guiazulenc were repcrrted by Hafnec and colleagues '19, who obtained 
them by reaction of the hydrocarbons with sodium N-rnethy!anilide in. 
ethyl ether soluticn, and isolated them as monoetherates (reacticn 20). 
The properties of these compounds suggested an ionic structure, with 
the ether molecule, of course, coordinated with tnc sodium ion. 

(20) 

The high solubility of KFeCI, in ethyl etherlzO probably may be 
viewed as indicative of ether solvation of the potassium ion. 

Organoiithium compounds are also weli known to coordinc?te with 
ether, but often this may be molecular association, as in. Grignard 
reager,ts (section III.B.2), rather than lithium ion solvation. Fluorenyl- 
lithium, howtver, has been found to form complexes with tctrahydro- 
furan and 1,2-dimethoxyethane, which appear to be icnic. Dixon and 
coworkers concluded from lH and 7Li nuclear magnetic resonance 
studies on these complexes that the lithium ion 2nd ether are both 
located directly a b o x  the plane of the aromatic anion, with the lithium 
thus being present a s  a, solvated ion121. 

3. Trialkyloxoniurn salts 
An aliphatic ether :.lay act a s  a Lewis bzse towards an alkyl halide in 

the presence of a third substance which can react with the halide ion. 
This general reaction was discovered by Meenvein and co- 
workers122*123 and n a y  be illustrated by the direct reaction of ethyl 
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fluoride with methyl e ther-boron trifluoride, which takcs place slowly 
at  room temperature tc form the crystalline dimethylethyloxonk-ii 
tetrafluoroborate (reaction 21) 122. The use of the preformed ether- 
boron trifluoride complex is convenient and provides the correct 
stoichiometry. 

EtF + Me,O: BF3 + Me20Et+ BF,- (2 1) 

Trimethyloxonium and methyldiethyloxoniuni tetrafluoroborate 
have also been made in the same way, but the method is not of prepara- 
tive value, as the slo\viless of the reaction causes the isclated yields of 
oxonium salts 10 be low ever. after days or weeks of reaction. The 
synthesis of triethyloxonium hexachloroantimonate from ethyl 
chloride and ethyl ether-antimcjny pentachloride was very similzr, but 
no oxonium salts were obtained from the addition of ethyl nr iiicthy! 
chioride to the etherates cf a1rrmin:im chloride, ferric chloride, boron 
trichloride or stannic chloride. These can be made, howevcr, by other 
methods. 

Trialkyloxonium salts are estraordjnariiy strong alkylating agents, 
effective for a large variety of suk..itances, including phenols, car- 
boxylic acids, acetoacetic and malonic esters, dialkyl su!fides, pyridine, 
ammonia and other amines, nitrites, amides, ketones and lac- 
tones 122*124. The oxygen alkylation of amides by triethyloxoniun-? 
tetrafluoroborate, sometimes called ' !deerwein's reagent '> is syn- 
thetically useful in the hydrolysis of amides, since the resulting imino 
esters are easily hydrolyzed, and an application of this method has 
been employed recently in the synthesis of anhydroaureoniycine 125. 

Alkylation of other ethers is also possible and may occur in the case 
of the reaction of n-propyl fluoride with dimethyl ether-boron tri- 
fluoride, which gives trimethyloxonium tetrafluorohorate, instead of 
the expected dimethylpropyloxonium salt (reacticn 22). This type of 

(22) 

ether alkylation has been studied in detail in the case of tetrahydra- 
furan, which can be polymerized by treat7nent with several trialkyl- 
oxonium salts, such as triethy!oxolliurn renafluoroborate, hexachloro- 
antimonate, tetrachloroaluminato, and. tetrachloroferrate (reaction 

PrF + 2 Me,O : BF3 + Me,O+ BF,- (+ McPrO : BFB ?) 

23) 126. 
Et,O+BF,- + (CH2),0 - > [Et-O(CH,),]+BF,- + EtzO 

I 
I 

( C H a L 0  
I Y 

EtO(CH,)3CH,'.BF4- - Polymer (23) 
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A similar type of cross alkylation involving ethers apparently occurs 
in the reaction of metal halide-ether adducts with epichlorohydrin in 
a solution of the same ether. Thus, addition of epichlorohydrin to a 
solution of ethyl ether-boron trifluoride adduct in ethyl ether rapidly 
gives a high yield of crystalline triethyloxonium tetrafluoroborate (re- 
action 24), afid a great variety of other trialkyloxoniuiii salts have been 

3 CICH2-CH-CH, + 4 Et,O: EF, + 2 E t 2 0  -->. 

3 EtjO+ BF4- + B(-O--CHCk!ZGEt)3 (24) 
‘0’ 

I 
CH,CI 

pzepixed by this method, such as trimethyl- and tripropyioxoniunr 
tetrafluoroborates, trimsthy!osonium 1ie.uachloroantimcnate and 
triethyloxonium tetrachloroalu1:iinate aiid tetrachloroferrate. The 
conve.nience and ease of t!-A methcd makes it of synthetic vzlue. 

Another very convenienr. mcthod for prepriiig iiialkyloxor,ium salts 
has been develaped by Meenvein and csworkers, aiid consists of the 
reaction of silver flucroborate with an alkyl bromide and the corre- 
sponding ether 127. Triethyloxoniuin fluoroborate was prepared in 
90% yield from ethyl bromide, ethyl ether and sil.ver fluorcborate in 
ethylene chloride solution (reaction 25). The siiver fluorcborate is 

EtBr  + Et,O + AgBF4 - Et30+BF4- + AgBr (25) 

prepared conveniently from silver oxide and the ether-boron trifluoride 
adduct. 

Klages and his collaborators have extensively developed a method of 
preparing tria.lkyloaonium salts by reaction of diazoalkanes with 
etherates cf complex halogen This is, of course, basically 
similar to Meerwein’s method, as reaction of diazoalkanes with strong 
acids is known to give carbonium ion intermediates. Methyldietliyl- 
oxonium hexachloroantimonate was obtained in 830/6 yield by reaction 
of diethyloxonium hexachloroantimonate (section 1II.A. 1 .c) with di- 
azomethane in ethylene chloride solution, and a series of trialkyl- 
oxoniurn fluoroborates, chloroaluminatcs, hesachlorostannates and 
hexachloroantimonates, including even the aromatic example, phenyl- 
dimethyloxonium hexachloroantimonate. Thc latter was pxepared 
also by diazomethane alkylation of phenyloxoniuin hexachloro- 
antimonate (reaction 26). 

[Ph-0-Me]+SbCI,- + CH2Nn - > [Ph-0Me2l7SbC!,- + N, 
I 
H 

(36) 
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Rcaction of diazoaceijk ester with dlaikyloxonium hexachloroanti- 
monates generally gave the simple tria.lkyloxonium salt (reaction 271, 

due to the presence of coordinated ether in the dialkyloxonium salt, 
but in the cases of diisopropyl- and diisoamyloxonium hexachloro- 
antimonates the expected ester salts, [R,OCH,CO,Et] + SbC1,- 
(R = i-Pr or i-Am), were obtained in low yields 49. 

Anion eschange can he achieved with trialkyloxoniurn salts by 
means of simple doublc decomposition reactions. In this way, chioro- 
mrate, chloroplatinate, tricliloroirlercilrzte, ti-iiodomercurax, tetra- 
iodobisrnuthate, hept.xhioroClibismuthate and the dihydrogenr'erri- 
cyanide salts have bccn prepared fiom the more easily obtained 
fluoroboratcs axid chioruanthonate salts 123. h h s t  of these were not 
very stable, due to dissociation of the cGmplex anion to give a nucleo- 
philic zricn, which, of course, is rapidly alkylatcd by the oxonium szlt. 
I t  w x  demonstrated that the more nucleophilic the anion, the less 
stable is the oxonium sa1t78.122. 

4. Biaikylacyloxonium salts 
The acylation of ethers by acyl halides in the presence of an appro- 

priate metallic halide, giving a dialkylacyloxonium salt, has been 
demonstrated by Klages and his collaborators 129. For example di- 
ethylacetyloxonium hexachloroantimonate was obtained in good yield 
as a crystalline solid from the reaction of acetyl chloride, ethyl ether 
and antimony pentachloride in mcthylcne chloride solution a t  low 
temperature (reaction 28). Its ionic nature was shown by its electrical 
conductivity in liquid sulfur dioxide. 

CH3COCI + E l 2 0  + SbClj - + [CHaCO *OEtp] + SbClG- (28) 

Such salts are probably intem~cdiates in the well-known cleavage of 
ethers with acid halides in the presence of zinc chloride or other 
metallic salts capable of ferming complex anions'"' ' 3n. A recently re- 
ported method of cleaving ethers, by treatment with an acid anhydride 
in the presence of 'Loron trifluoride etherate and it WAiurn halide, has 
also been postulated as involving an acyldialkyloxoniuIn salt, but the 
role of the lithium halide w2s not clarified 131. 

B. Nonionized Coordination Complexes 
Many salts and other compounds which can act as Lcwls acids reaci 

with ethers to form nonionic addition compounds. Certain t e e s  of 
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these, particularly those involving boron, have been extensively 
studied, with many conclusions being apparcniIy applicable to the 
whole class. 

The  bonding of these compounds with ethcrs is considered to be 
esseiitially of a dipolar nature, involving Coordinate covaience of the 
ether oxygen atom to the metal atom, as in  structure (IS). Such a 

R-0 : ZX, 
I 

(15) 

rtructure is supported by the electron-diffraction study reported by 
Bauer and coworkers of methyl ether-boron tr ifhoride showing a new 
B-C bond, 1.5 ;i in length, in addition to the original C - 0  and 
B-F bonds132. The  coordinate complex structure is also in accord 
with numerous properties observed for boron fluoride-ether adducts, 
including nuclear magnetic resonance 0-11 and Raman spectra133, 
their low vapor pressures 134, the Occurrence of rapid displacement re- 
actions 6, and the easy dissociation into ihe original components often 
observed. 

The Tosition of the equilibrium between the adduct and the Lewis 

R,O: ZX, RzO + Z X ,  (29) 

acid aid base varies greatly (reaction 29), with borane etherates being 
highly dissociated and trialkylaluminum etherates so stable that it is 
difficult to remove the ether. The reader is referrcd to the excellent 
reviews of the chemistry of coordination compounds of C-r.r;vi) I11 
elements by Stone 135, Martin136*137, Martin and Canon1”, Grcec- 
ivood and Martin13” and Greenwood and for many of the 
c o n c e p  invoived apply to norionized coordination complexes in 
ge:ierai. 

R 

1. Coordination compounds of alkali inetak 

The most conspicuous examples of this type are the organolithium 
compounds, since salts 2nd other. orga:omeiallic compounds cf this 
group tend to form ionic complexes 141 (seciion IiI.A.2). The evidence 
for complexation of organoiithium compcunds with ethers is quite 
varied and includes Talalaeva a i d  coworkers’ isolation of a soiid 1 : 1 
adduct of ethyl ether with methyllithiurn, MeLi. Et,O, by cooling and 
concentrating an ether solution prepared froni methyl chlorideg9 and 
lithium. When methyl bromide or iodide :VBY ?xed for the preparation, 
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ternary complexes containing lithium halide were obtained, such as 
IvkLi. LiBr - 3Et20. 

A marked effect of ether observed on the chemical properties of 
butyllithium may be attributed to complex formation. Thus, Hauser 
and his students 141 found that butyllithium reacted with mesityl- 
acetonitrile in ether solution to form butane and the lithium salt of the 
nitrile, whereas in benzene thc reaction proceeded by addition to 
give the expected imine. 'This result was interpreted-as indicative of an 
ionic structure for the ether complex, consisting of an  ether-solvzted 
lithium cation and the bucyl anion. 

drew a similar conclusion from the great enhancement of 
the rate of polymerization of styrene by butyllithium when small 
amounts of ethers were added, since the polymerization appeared to be 
subject to anionic catalysis. The kinetic ecects cf the ethers present 
indicated complexes of type BuLi- 2R20, wi:L the very large associa- 
tion coristan:s of3 x lo6, 1.5 x lo5 and 2.0 x lo3 for the tetrahydro- 
furan, 2,5-dimethyltetrahydrofuran and ethyl ether complexes, 
respectively. 

The conclusion that ionic reactions of the complexes point to an 
ionic structure is not necessarily certain, since the effect of the ether on 
the reaction transition states may be of the greatest importance in 
these reactions. There is sionificaiit physical evidence for their co- 
valent nature. Nikitin, Rohonov and their collaborators 143* 14* have 
observed that the infrared absorption bands of various alkyllithium and 
aryllithium compounds in hydrocarbon solvents become displaced to 
lower frequencies by approximately 100 cm-' in the presence of most 
ethers, This effect would indicate an association of the ether oxygen 
atom with the lithium atomi, resxlting in a weakening but not breaking 
of the carbon-lithium bond. The larger ethers, such as n-butyl ether 
and isoamyl ether, had relatively little effect on the infrared absorption, 
suggesting that the solvation wzs much affected by steric hindrance. 

From determinations of' the molecular weight by freezing-point 

3 
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depression in cyclohexane, Enstham and coworkers 145 concluded that 
the stoichiometry of buiyllithium-ethyl etlier was that of a herni- 
etherate, (BuLi), - Et,O. The nuclear magnetic resonance spectrum of 
the complex in hexane solvent seemed best interpreted in terms of a 
solvated cyclic dimer (16). 

2. Coordination compounds of alkaline earth elements 
Several etherates of beryllium and magnesium halides 

have been recognized and are of importance in the solubility of these 
salts in ethers. A series of dietherates of beryllium chloride and bro- 
mide with methyl ether, ethyl ethcr, tetrahydrofuran and tetrahydro- 
pyran have been prepared by Turova and associates, using the rzacdon 
of beryllium with the corresponding halogen or halogen acid in the 
ether as solvent, or by addition of the ether to the anhydrous 
salt 14'-150. Such etherates may generally be crystallized aild isohied 
as solids with well-defined melting points, although the dietilerate OF 
beryllium chloride with n-butyl ether was an apparently uncrystalliz- 
able oil 14'. Dioxane formed 1 : 1 addition compounds with beryllium 
chloride and iodide, which appeared to be of a linear polymeric 
structure, 

a. Salts. 

Various etherates of magnesium bromide and iodide have been 
prepared by similar methods, as well as by reaction of magnesium 
with the corresponding incrcuric halide ir? ether solutior, l5l-lS3. With 
ethyl ether, magnesium iodide forms 2 tetraetherate, which is stable ii-i 
ether sol.ution below 8", a trietherate which is stable bclow 17" and a 
dietherate which has Eecn isolated and is -bx-iously reprted at  23" and 
at 48-50" I5l. Di- and trietherates of magnesium bromide with ethyl 
ether have been reported lS1. 154. Magnesium chloride and fluoride, on 
the other hand, do not appear to f0r.m ctherates and are very nearly 
insoluble in ether 151. 
A higher etherate of a beryllium salt has been observed in only one 

instance, that of BeBr, - 3Et20 ; this was found to be th- stable etherate 
in ether soiutions of beryllium bromide b e h ;  - 4" 148* 156. A report of 
beryllium chloride trietherate la7* 556 W B S  later round tc? be incorrect 155. 
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The ether molecules in beryllium salt dietherates are relatively loosely 
bound, as they lose their ether on heating at  moderate tempera- 
tures 157. 

The ether in beryllium and magnesium halide etherates can bc 
displaced by another ether by dissolving or Leating in the latter as 
solvent. Thus, tetrahydropyran and 1,2-dimetho:q~thane displaced 
ethyl ether from BeC1, - 2Et20,  lgg and tetrahydrofuran and. dioxane 
displaced ethyl ether from MgI, . 2Et20 

Dioxanates of the bromides and icdides of calcium, stroni'urr. and 
barium have been prepai-ed as reticulate polymeric cornpcunds 149. 

The possible polymeric structure of simple etherates, such as 
hlgBr, - 2Et20, has been considered ; vapor-pressure studies indicate 
that association to dirners probably occurs, with the monomeric form, 
however, predominant m ~ -  lGg. 

b. Organometallic compounds. An excellent general review of thc 
chemistry cf this class of compounds up to 1960 has been provided by 
Coates 'lob. Although the general importance of the coordination of 
ethers with these compounds in general is well recognized, the nature 
of such coordination has been studied mainly with Grignard reagents. 

I t  is well accepted that coordinated ether is an integral part of a 
Grignard reagent. Kharasch and Reinmuth 160 have reviewed the 
evidence on ether coordination with Grignard reagents up to 1950. 
Recently Bryce-SmithlG1 has reported the preparation of unsolvated 
organomagnesium halides, which had properties quite different from 
those of Grignard reagents, and the efl'ect of varying the solvating 
ether has received considerable study. With weakly basic ethers, such 
as anisole, formation of Giiignard reagents was much slower than with 
ethyl and n-butyl ethers, while the more basic tetrahydrofuran is ob- 
served to greatly facilitate the formation of vinyl Grignard reagents, 
though i10t that of alk$ Grignard reagents162. Based on such efi-ecis, 
IGrrmann, I3ameliii and Hayes 162-164 have proposed the following 
order of basicity of ethers towards organomagnesiuin halides : 

?hOMe, FhGEt < i-PrzO c n-BuzO < EtzO c (CIIz)40 < 1,4-d.iosa.ne 

The exact nataie of the complexation is, of course,. affected by the 
question of the possible dimerization of the Grignard reagent, which 
has been a matter of discussion for niany years 165-167. The etherated, 
unsymmetrical dimer structure (18) has been widely a c ~ e p t e d ~ ~ ~ - ~ ~ ~ ,  
but Ashby and Smith170 have recently cast new light on the problem 
with xiew determinations of molecular weights and a reexamination of 
previoas data. I t  now appears that the principal species are solvzted 

lS3. 
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monomer and symmetrical dimer (17), although alkyl exchange may 

(17) (18) 

also occur to give dialkylmagnesium and magnesium halide 170* 171. 
The equilibrium between the mononieric and dimeric forms is 
governed to a large extent by the nature of the halogen and of the 
solvating ether present Ivo, 172. The alkylmagnesium chlorides are di- 
meric in ethyl ether solutions over a wide concentration ra::?ge, but 
with alkylzzgncsium bromides and iodides both forllis are present in 
comparzble amounts in ethyl ether170. The eEect of thc ether has 
been shown by the observation that ethylmagnesium chloride is 
monomeric in tetrahydrofuran, even at  concentrations as high as 
2 FI I7l. Apparently the greater basicity of tetrahydrofuran enables it 
to compete more successfully than ethyl ether with the halide ions for 
compler;ir,g with the magnesium ions. 

An x-ray crystallographic study of solid phenylmagnesium bromide 
dietherate recently reported by Stucky and Rundle159 showed that the 
urrit structure of this ccmpound containcd two ether oxygen atoms, a 
bromine atam and a pRenyl group coordinated at tetrahedhl angles 
with the magnesiuni atom, and studies on the molecular weight of this 
Grignard reagent in ethyl ether indicated that it consisted of loose'ly 
associaied ether-solvated monomers 173. 

Z. Coordination compounds of Group 111 elements 

Many compounds of boron, aluminum, gallium, thallium and in- 
dium reac.t with ethers, as well as other Lewis bases, to form addition 
compounds. Their stoidiiomezy is usuzl!); I Group 111 atom : 1 ether 
oxygen atcm, but e-xceptims hn.ve been observed occasionally. Among 
these exccptims a;'e certain dioxanates, such as BF, C4H802, 139*174 

and AlC1,. 2Me20, 175 where complexatioi-, of the ether oxygen atoms 
is incomplete, and some weak addition compounds containing more 
than an equivalent amount of boron triEtoride, such as 2RF, - Et,O 
and 3BF3 * Et,O lY7. The latter are gcnerally unstable with respect 
to the 1: 1 compiexes 'but ma)- he obscrcd at low temperatures. 
S l i ~ h e g o l e v a ~ ~ ~  has proposed an ionic structure i'or cther complexes 
containing excess boron trifluoride, R,0-BF2 *BF4 - . 

I n  view of the excellent reviews avaiiable on this s ~ b j e c t ' ~ ~ - ~ ' O  
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attention will be limited to recent developments and the structural 
effects on donor abilities of ethers. No attempt will be made to review 
the extensive literature on thc applications of thesc etlierates to 
catalysis of numerous rcactions. 

Q. Boron Ir-iJluoride ebiierates. The interaction of cthcrs with boron 
trifiuoride to form molecular addition compounds is almost gcneral. 
The few ethcrs which appcar not to givc complexes with boron tri- 
fluoride are thosc which h a x  markedly electron-withdrawing groups 
or considerable steric hindrance, such as ethyl 2-octyl ether 178, phenyl 
ether 179 or benzyl ether 180. 

Eoron trifluoride etherates are generally isolable as quite stabie 
liquic'cs which can be crystallized at  somewhat below ambient tem- 

Distillation senerally involves dissociation of the adduct (reaction 36) 
peratures and can be distilled in many cases without decompa.:! dLon. 

followed by recombination on conden~at ionl~~.  In the case of anisole- 
boron trifluoriue, it is possible to heat the complex at a temperature of 
155-1 70" with the ailisole returned by reRux and the boron trifluoride 
swept out with a dry nitrogen siream, thus, achieving a complete ther- 
mal dissociation of thc complex, and a convenient laboratory source of 
boron trifluoride lE1. 

The dissociation constants of such etherates provide a measure of the 
strengths of these coniplexes, as dc also the heats of dissociation or 
association. These data iildicate an order cf stzbility for simple ali- 
phatic ether-boron trifluoride complexes, decrcashg with increasing 
a siibstitution182-183: 

MezO : BF3 > Et,O : BF3 > i-Pr&: BF, 

Thus, the order of stability in this series seems to foikw the order of 
steric strain in the complex, rather than the indixtive exects of the 
alkyl groups. When the steric hindrance is reduced by a cyclic 
structure for the cther, as in tetrahydrofuran and tctrahydropyran, 
the stability of thc con:plexes is much greaterlE4. Three- and fow- 
membered cyclic ethers are prone to undergo polymerization when 
treated with boron trlfuoride at temperatures high enough to study 
vapor pressures, but phase-dai-a evidence indicates that ethylene oxide 
does form a 1 : 1 complex at  -80" 177*105. 

Exchange of boron trifluoride between ethers occurs with ease and 
at  rates comparable to those for proton acid-base reactions (reaction 
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3 1). Determination of equilibrium constants for such exchange pro- 

Me,O + Et,O: BF3 & MepO: BF, + Et,O (31) 

cesses has been used to determise the relative stability of etherates. 
This has been done by estimating the composition by ini;-a.red spectral 
measurements and by nuclear magnetic resonance studies, using 
"F resonance1QG* lQo. The equilibrium constant for the exchange re- 
action between methyl ether and boron trifluotide-ethyl ether, as 
formulated above, was 2.5 187 while that for the analogous exchange 
with anisole was less than 5 x The results from the infrared 
spectral measurements were similar and somewhat more extensive, 
giving the following order for the relative bzsicities of ethers towards 
boron trifluoride : 

(C1Q40 > (CH2)50 > Me,O > Me0Et.i  Et,O > Prz@ > i-Pr,20 >- P!i@Me 

The most basic ether in the series, tetrahydrofuran, was comparzble in 
basicity to methanol and ethand, while the least basic cthi'r in the 
series, anisole, coinpksed more strongly with bGron trifluoride than 
ethyl sui-fide 185.109. 

An intensive study- h.as been made of t lx  use of such exchange re- 
zcticns to attain a separation of ihc boron isotopes, making use of the 
higher volatility of the 1oBr'3 z d d ~ c t ' ~ ~ - ~ ~ ' .  A discussion of this work 
is bcyond the scope of this chapter, but it is of general interest that the 
activation energies for boron trifiuoride-etherate exchange reactions 
were observed to be less thar; the heat of dissociation of the conipiexes, 
indicating a displacement mechanism for thc exchange re- 

b. Etherates of other boron compout;ds. -With trifluoromethylboron di- 
fluoride, methyl ether forms a solid 1:l addition compound of low 
volatility. The addition compound c7Lp anisole with this Lewis acid is 
rather unstable 

Gencrally, boron trichloride cc.mple::es with ethers, exceptions being 
phenyl ether 201 and bis(chloromethy1) ether 178, but the complexes are 
often very unstable with respect to an ether cleavage (reaction 32). 

(32) 

By working at a lcw temperature, such as -8O", Gerrard and co- 
workers wcre able to observe formation of complexes of boron tri- 
chloride with methyl, ediyi, ally1 and ally1 methallyl ethers, and also 
with anisde17s* 202.  203; some et!iers pToved to be sufficiently unreactive 
with respect to cleavage, to make pcssible the isolation of pure 1 : 1 

action187,188.190 

f?~o f 6cI3 7- > R,C: 6C13 --+ RCI + ROBCiz 
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acidxta v;kh borcn trichloride. Such adducts were prepared from 
methyl chloromethyl ether, methyl 2-chlorocthyl ether, ethyl 2-chloro- 
ethyl ether, bis- (2-chloroethyl) ether, n-butyl ether, tetrahydrofuran 
and t e t ~ a h y d r o p y r a n ~ ~ ~ .  204. 205. 

The cleavage of ethers by phenylboron dichloricle has beer; postu- 
lated by Gerrard and coworkers to involve intermediate formation of  
a 1 : 1 complex, but no ether complexes of this reagent hxvc been 
isolated Grahani and Stone observed that trimethylbo.rori vas too 
weak a Lewis acid to form any complex with methyl ctL- LL.4r es;eii at 
- 78" 207. 

Diboranc is a very weak Lewis acid for etherszoQa. No association 
with ethyl et'her was detectable even at - 78" 20Qb, but with tetrahydro- 
furan the complex, ( CH2),0 : BH,, was observed at  - 78", although 
not a t  rcom temperature 209. Tetraborane is cleaved by ethers to form 
ether-B,H7 complexes (reaction 33) 209. The latter may be formed also 

2 R Z O  + 2 S a H l o  w 2 R z O .  63H7 + 32HC (33) 

by reaction of the diammoniatt. of ietrabemne with acids in ether 
solution 

Etherates of monochloroborane and dichioroborane have been 
reported by Brown and Tierney. These were formed by the reaction 
of boron trichloride with diborane or sodium borohydride in ether 
solution, the ether being ethyl ether, methyl ether, te:rahydrofuran, 
tetrahydropyan or diglyme 211. These etherates were obtained as 
white, low-mel.ting solids and have k e n  patented as reagents for 
hydrogenation of V X ~ O U S  carbonyl comsoilnds '12. 

It  is well 
known th2t aiuminuin chloride generally complexes with ethers In'. 
Bercaw and Garrett have pointed out that, due to the dimeric nature 
of alnmlnum chloride, the complexation with ethers generally involves 
two eqdibria;  th.e 5rsi involving cleavage of just one Al-C1-A1 
bond giving K,G. AIC1,. AICI, complexes, and the second involving 
complete rupture oi' the dimeric chloride to give R,,O : Nc1,2'3. The 
first equilibrium appreztly can be observed separately with dioxane, 
but niost e.&ers give complexes with monomeric aluminurn chhiide, 
which may be isolzted or studied by physical means213-"15. 

Several alkylaluminum chlorides have bcen isolated recently in the 
form of etherates, which were stable, distillable liquids. These include 
the ethyl, n-Fropyl and n-butyl etherates of ethylaluminuni dichloridc 
and diethylaluminum chloride, and the ethyl etherate of di-n.-butyl- 
aluminum chiaride216* 217. 

c. Etherates qj- aliiminiim, gallium and indium compounds. 
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The ether complexes of trialkylaluminums generally are very stable, 
distillable liquids, even in the cases of weakly basic ethers, such 
as anisole and phenetole21E~219. The ethyl etherate of optically active 
tris- (5'-2-methylbutyl) aluminum was stable at room temperature for 
months and at 110" for at least an Complexation of these 
alumifili1Ti compounds is not greatly affected by s teric hindrance, as 
tri-t-butylaluminum was found to form a relatively stable etherate with 
ethyl ether221. The heats of complexation of triethylaluminum with a 
series of ethers led to an order of base strength of ethers quite similar 
to that observed with boron trifluoride 222 : 

(CH2)40 > Alk20, 1,4-diosane > MeGPh, Fh20 > dibenzofuran 

Triphenylaluminum forms 1 : 1 complexes with ethyl ether, n-butyl 
ether, ethyl vinyl ether, tetrahydrofuran aad anisole, but not with 
phenyl ether 216*223* 224. Trivinylaluminurr- has been isolated in the 
form of its ethyl ether and tetrahydrofLirzn adducts 225,  and diethyl- 
aluminum diphenylphosphide was observed to form a crystalline ethyl 
etherate226. Aluminum hydride is repried to react with ethyl ether 
and tetrahydrofiiran to form addition compounds with stoichiometry 
of 1 : 1 227*  22E, approximately 2 : 1 229 or 1 : 2 2 2 7 9  2yc, depending o ~ i  the 
manner of formation o f  the complex. 

Gallium trichloride and tribroinide form stable 1 : i aclducts with 
methyl ether and ethyl e t l ~ e r . ~ ~ ~ ,  and phase studies showed the existence 
of 2, less stable dietherate, GaC1, - 2Et20140. 231. Gallium hydride has 
becn focnd to form a. 1 : 1 addrict with ethyl ether. :&kh is stable below 
350 232. 

Fairbrother and colla.boratox-s reparted recently that indium tri- 
chloride, tribrc-mide arid triiodidc complex with ethers generaliy, with 
the interesting feature that the formation of 1 : 2 complexes greatly 
predominates over 1 : 1 complexes here233. 

4. Ether compleices cf heavy metal cornoc.-i!crS.: 
Compounds of heavy metal atoms vhich hwe a tendency for 

additional coordinate covalent bond formation, frequently complex 
with ethers to form nonlonized addition coinpounds. For exampie 
auric chloride monoetherate: Cl,Ai! . CEt,, and mercuric chloride 
dioxanate, C1,Hg - C4He02, readily form l>y thc interaction of cthyl 
ether or dioxane with the designated salt234:-. Although cther complexa- 
tion is basically similar to aquation. arid ammonia complexation, it is 
not always parallel, and some compounds which arc susceptible to the 
latter, such as cupric bromide, cadmium bromide and nickel bromide; 



6. Basicity and Coinplexiiig Ability of Ethers 2 79 

Rpparerltly do not form etherates, even when preparcd from the 
elements ic ethcr solution l54. 

Ether-complexed salts of zinc and cadmium have 'been long known 
and m3.y be illustrated by adducts of cineole with zinc and cadmium 
iodide, v,:;Gch have the general structure, MI, - 2cineoie234b.235. The 
rnonoetherates and hemietherates of a series of arylzinc halides have, 
becn isolated as crystalline solids from the reaction of diarylzinc corn- 
p u d s  ~ 6 t h  zinc halide salts ir?. ether solution236, and Thiele 237 has 
reccntly reported that dimethylziric foi-ms monoetherates with methyl 
ether, ethylene oxide and oxetane, and dietherates with tetrahydro- 
fEran and tetrahydropyran. The compositions were determined by 
elemerita: analyses of the distilled ethcrates: but molecular-weight 
determinations in benzene and cyclohexane solutions indicated that 
considerable dissociation occurred in solution. Fxom the degree of 
dissociation thus cbserved, it appeared that the electron-donor abili- 
ties 01 the cyclic ethers studied increased in order of increasing ring 
size : ethylene oxide < oxetane < tetrahydrofuran < tetrahydropyran. 
Thiele explained this unusual order of ring-size effects as being due to 
the nazure cf the unshared electron orbitals in the ethers, tetrahedral 
($9) orbitals being more favorable :or bonding than orbitals with m.ore 
s character, which would be expected to an increasing degree with 
decreasing ring size. 

Addition of ethers to stannic chloride gives generally strong corn- 
$exes cf structure, SnCl, - 2R,O, while germanium and silicon tetra- 
chiorides do not complex appreciably with ethers, as reported by 
Si.s'lcr znd his  student.^"^^.^^^. A study of the stability of complexes of 
several cyclic ethcrs with stannic chleride by Ciaffi and Zeochelsky 240 

showed the following apparent order cif basicity : tetrahydrofuran > 
tetrahydropyrzn. > 4-methyltetrahydrofuran > 2-methyltetrahydro- 
furan :- 2,5-dime:l:;;ltetrzhydrofuran. This order was interpreted as 
being due rnzinly to a combinaticn of .[&rain and F-strain factcrs. 

Both titanium tetrachloride and zirconium tetrachloride form solid 
dietherates with ethyl ether 2~11 242, aid apparently similar adducts are 
formed with other ethers, including tetrahydrofiran, tetrahydrop)i-a:i 
and dioxane with titanium tetrachloride 243 and phenyl ether and 
bis-(2-&lor~ethyl) ether with zirconium tetrachlorkk 244. 345.  T h e  
complex of titanium tetrachioride with anisole seemingly had 1 : 1 
stoichiometry, however, and 1 : I. complexes -v&h tetrahydrofwari and 
tetrzhydropyran could be prepared by use or" excess titanium tetra- 
chloride243. While the above titanium compkxes were 2.11 of yellow 
to oracge color, the tetrahydrofuran complex of methyltitanium 
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trichloride, hCeTiC1,. 2C4H80, was dark red in color24a. A mono- 
etherate of titanium oxychloridc, TiOCl, . 2Et20, is reported to be a 
yellow solid. Dietherates of titanium tetrabromidc with tetrahydro- 
furan, tetrahydropyran and dioxane were successfully prepared as red 
solids, low temperatures being required for the preparation to mini- 
mize cleavage of the ether function 247. 

A serics of ether complexes of niobium and tantalum pentacldorides 
and peiitafhorides has recently been isolated by Fairbrother and 
c o l l ~ . b ~ r n t o r s ~ ~ ~ *  249. These complexes were liquids or low-inefting 
solids of t h e  general formula, MX, . R,O, where R was methyl, ethyl 
or n-prop?l. Dietherates also were formed from niobium and tanta- 
lum pentafluoridcs with methyl ether at low temperature, but these 
lost onc >-rx.ciecule of ether on being warmed to -9". 

Chromium t;.ibromide and triphenylchromium both form oci;aE.edral 
trietherates with t e k - a h y d r o f ~ r a n ~ ~ ~ .  This eihzr colnplexatioil gives 
important stability to triphenylchromium ; when the tetrahydrofuran 
is removed by reduced pressure, warming or adding ethyl ether, .the 
chromium-phenyl o bond collapses to form a w-complexed dibenzene- 
chromium ' sandwich compound'. This type of behavior cannot occur 
when chelatable ether oxygen atoms are attached at an 0 7 t h ~  position 
of each phenyl group, as in tris-(o-anisyljchromium, which was re- 
cently isolated by Hein and as a reddish-brown crystalline 
solid. 

There are a few reports of ether complexatiori of molybdenum and 
tungsten compounds, including the dietherates of molybdic oxide 
hydrochloride 252 and tungsten pectachloride 253 with ethyl ether. 
Xoiybdenum tribromide is reported not to fci-m an ethyl etherate 154. 

The extraction of uranyl nitrate from aqueous solution by ethers has 
received considerable attcnticn, ethyl ether being more effective for 
this extraction than isopropyl, n-butyl or isoamyl ethers62*254. I t  has 
been determined that the ether-coniplexed species, UO,(NO,) 2 - 
3H,O. Et,O and U02(N03)a  .2H20 - 2Et20, are formed on addition 
of ether255* 256.  Infrared spectral data show that ether molecules also 
zssociate with the hydrated water molec ales hy hydrogen bonding 257.  

The solubility of cobalt nitrate in ethers, sxch as ethyi ether, tetra- 
hydrofuran and 1 ,2-diethoxyethaneY appears to be somewhat similar 
to that of uranyl nitrate; and fiom heats of sclution data and other 
evidence K-atzin concluded that ether moiecules and anions co- 
ordinate with the cobalt atom to form tetracovalcnt species, 
CO(NO,),(R,O) 6 4 .  258. 

In the absence of water, ferric chloride reacted with dioxme to form 



6. Basicity and Complesing Ability of Ethers 23 1 

a dioxenate coniples hming the empirical formula, FeC1, - C4H802, 
while in the presence of water ternary complexes containing water and 
additional dioxane were obtaincd 269. Urder reduced pressure, how- 
cvw, the water and part of the dioxane could be removed from the 
latter with formation of the dioxanate obtained in the absence of 
\\rater, thus showing the iron--dioxar,e bond to be stronger than the 
iroii-water bond. An etheratcd, bridged cationic structure, 
[Fe2Cl,(C4H802) ,I2 + 2 C!.- , was prcposed for the stable complex, 
while the ternary ccmplexes seemed to b e  sohated monoferric species, 
such as [F'eCi2(C,H,0,),H,3] + Cl-. The polynicrlzafion cf epcjxides 
in the presrnce of cataiytic amounts of ferric chloride or other metallic 
halide is comidercd to involve similar complexation as a first step 260--262. 

It is 9.f inteest that manganese bromide aizd iodide fmm relatively 
stable, isolablc monoet'lieiates with cthyi ether IS4-  263. 

5. 0 t h ~  noriionic coordination c:omple>tes of ethers 
Several oxides acd halides of nonmetals not previously covered have 

been shown to act as Lewis acids towards ethers, forming additior; 
compounds with them. Among these is sulfur trioxide, which when 
psseb k t o  ethyl ether caused separation of a heavy layer having the 
C : ~ ~ i p s i . t i c i n ,  2Et20 - SO3 264. Further addition of suifur trioxide was 
i-zpnrled to give the complexes Et,O. SO3 and Et,O 2S03. 

Similar results were obtained with selenium trioxide by Schmidt and 
coworkers 265. Eva7oration of a saturated solution cjf selenium trioxide 
in ether or dioxane gave a solid material which WES found to be 
Sea3 .  Et,O or SeO, - C4H802; respectiveiy. 

Molecular addition compounds of dinitrogen tetroxide with a series 
of ethers have been described by Sisler and his coliaborat~rs 13* 266--368. 

Thermal-phase studies on N,O,-ether systems shov:.ed ihe formation of 
cornpounds containing one molecule of' dinitrogm :e!m:.<de to two 
molecules of ethyl, n-propyl, n-buty! and isopropy! ethers and of 
cxetane, tetmhydropyran, tetrahydrofuran, 2-methyketrahydrofuran 
and 2,5-dimcthylteira:i);di.ofuran. The melting points of these com- 
plexes were in the range of - 20 to -- T8", but the 1 : 1 complexes ~f 
dinitrogen teiroxide with 1,3- ar.d 1 ,G-dioxane were much higher, 
being 2 and 45", respectively, apparc:itly due to a more stable crystal 
structure for such addition CO~.POLlildS, which are of a polymeric 
nature 269. 

Magnetic and Raman spectra! studies on representative ether- 
diritrogen tetroxide addition compounds showed that the N204 wits  
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were not dissocinted into radicals or ions13. The best structure for the 
addition compounds appears to be one in which each nitrogen atom is 
coordinated with an crher oxygen atom. Three instances were ob- 
served \vhere only one ether oxygen atom was associated with the 
N20, unit, rhe 1 : 1 adducts with oxetane and tetrahydrofuran and a 
2: 1 adduct with 1,2-diethoxyethane, and it was concliixkd that this 
stoichj.ometry was a conscquence of the rclatively high basicity of these 
ethers towards this Lewis acid. I t  is not known whether these are of the 
same structural type or if the ether oxygen atom can become co- 
ordinated with both nitrogen atoms of the N20, unit. 

The following approximate order of electron dozor ability of ethers 
towards dinitrogen tetroxide can be deduced from the meltifig-point 
data and the sharpness of the phase curves at the nieltirig points: 
1,4-dioxane > 1,3-dioxane > 1,3,5-trioxane > oxetanc 1. tetrahydrofuraii 
> tetrahydropy-ran > ethyl ether > n-propyl, n-but$ arid isopropyl 
ethers > t-butyl ether, bis-(2-chloroethyl) ether ar,d pcifluorotetra- 
hydrofuran. The last three ethers formed no detectable c:ompovnci:; at 
all with dinitrogen tetroxilde, showing the effecw of steiic and iniiuc- 
tive factors in this i n t e r a c t i ~ n ~ ~ - ~ ~ ~ *  268. 

Phosphorus pentafluoride was found by Muetterties acd co- 
workers 270a to form addition compounds with ethyl ether, tetrahydro- 
furan and 2-methyltetrahydrofuran. The coniplexes witli thc two cyciic 
ethers were relatively stable, decomposing only at about 1 16" in the case 
of tetrahydrofuran, but the ethyl ether complex was largely dissociated 
at 25". The tetrahydrofuran complex was useful in bringing about 
polymerization of tetrahydrofuran 270b. 

Antimony pentachloride h2s been found to form a 1 : 1 adduct with 
ethyl ether 271. An antimony (v) oxychloride-ethyl etherate has been 
reported recently by L)ehnickeZ7', with an ar!alysis which would be in 
agreement with the triethcrate of a pentameric oxychloride st. ruc ture 
(19) 

0 
\ I  

CI lSb-O(-Sb--O-),StlCI, 
I -  

CI' bEt, 
(19) 

C. V i ' c ~ k l y  Bonded Conpiexes 
For the reaction of donor and acccptor m.olecules (equation S), the 

equilibrium constant (neglecting activity cocfficiects) is given by 
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equation (34), wherc Do and A ,  xre the initial concentrations of donor 

and acceptor, and C is the equilibrium concentration of the ccrnp!ex. 
Spectroscopy is often used to determine C, the intensity of thz absorp- 
tion b m d  being related to the concentration ofthe complex. By measur- 
ing the temperature dependence of the intznsity, the t.hermod.yna.mic 
properties (AG,, A H  and dS) can be evaluated, and these can. bc com- 
pared for a series of ethers complexed with a common acceptor to 
e:tablis’li the sequence of relative bas.;..ckies. Spectroscopic studies have 
K ~ . Z  added advantage of giving inforrxation on relative basiciiies in 
still anothcr way, i.e. the position of the spectral band is an indication 
of the strength of donor-acceptor ini:eraction. Correlation of spectral 
nnc! thermodynamic data is genera!!jp gcod whenever comparison is 
made for a ilornologour series of donors with a given acceptor. 

These features apply to studies ix all regions of the electromagnetic 
spectrum. In the ultraviolet and v%ible regions, complex formation 
results in perturbed electronic bands or gives rise to charge-transfcr 
bands. Many ether-halogen complexes have been studied in this way, 
and will be discussed below in terms of charge-transfer theory. In 
addition, inkared (vibra?ional fiequency shifts) and radio wave 
(nuclear magnetic resonance) spectral studies have been applied to 
many hydrogen-bonded complexes with ethers, and these too will be 
discussed. 

1. Halogen complexes 
Ethers have long been classified as ‘brown’ solvents for iodine 

because they shift the iodine color froni violet to brown. This color 
change is duc to a shift of the iodine band towards shorter wavelengths 
(‘blue shift’) and is indicative of complex formatior. of the type 20. The 

.. 6 + 6 -  
R,O:-...I-! 

(W 
zhift is attributed to a ‘solvent-cage’ cKwt 273, i.e. a more polar gi.ound 
state will induce greater polarization of the solvent molecules, and will 
stabilize the ground state relative to the excited state because of the 
increase in solvation energy. The magnitude of the polarization of the 
iodine depends on the strength of the interaction; hence, the dGft 
serves as a measure of the strength of the com?lex. ‘The band maxima 
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for aliphatic ether-iodine ccmplexes in n-heptane lie in thc range 
452-462 mp274, for sulfidc-iodine in the range 436-4.46 mp2275, and 
for triethylamine-iodine at  414 mp276, which are in agreenieni with 
the thermodynamic results that the ethers are the weakest n donors 
towards iodine. 

Further evidence for the mutual polarization is the zpparent dipole 
moment of iodine in ether solvents. The value in ciiethyl ether has 
beeil reported as 0-7 D 277 which probably is low 2733 a1 id in 1,4-dioxane 
ci range of values has been given: 0.95 D ~ ~ ~ ,  1.3 D~~~ and 3.0 D~". 

For the ether-iodine complex an intense sicw band appears in the 
ultraviolet region where neither component absorbs by itself. This is 
the charge-transfer (CT) band mentioned earlier 14* 282*  203. For weak 
complexes, such as the ether-iodine, the energy involved in the tans- 
fer of an electron from donor to acceptor is approximated by ex- 
pressim (35), ;v-l?ere WE and W, are the energies of the excited state 

and ground state, respectively, I, is the ionization potential of the 
donor, E, is the electron affinity of the acceptor and e2/r is the coulom- 
bic attractio:? of the oppositely charged species at a distance r (approxi- 
mated by the sum of the van der Waals' radii). In a homologous series 
of dor?ors interacting with the same acceptor, E, and e2/r  may bc con- 
sidered as remaining essentialii; ccnsiant, with the result that a lower 
1, shifts the band to shorter frequcncjr, or longer waveiength (ix. 'red 
shift'). Empirical correlations of I, and /iv20'-286 permit Y to be esti- 
mated if I ,  is known or, ccnvcrscly, estimating I, if Y is measured, but 
some caution is required in the case of stronger c o i n p l e ~ e s " ~ ~ * ~ ~ ~ *  2e6. 

Referring to equation (2) (section KC), For weak comFlexes the 
coeficienf; b is small. From theory2", the polarity of the complex, 
which is a measure of its strength, ma.y be approximated 2s expres- 
sion (36) where AH is the heat cf formation of the complex and vmae. 

b2 AH 
a2 - hv,,,. z:-N-- b2 

a2 + b2 

is the frequency of the CT band maximum. 
I he spectral data for a series of ether-iodine conipiexes for both the 

visible and ultraviolet regions are summarized in Table 1. Included 
also are the t!izr:nodynamic data. Good agreement is found ii?. <he 
relative basicities horn both the spectral and thermodynamic results. 

m 
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TABLE 1. iiclative donor abilities of ethers in iodine complexation in n-heptane. 

- A t l a  - A G O  
Vis. Band U.v. band 0.2 0.OZc -AS" 

kcal/ kcal/ (c.u.) mar Am,, 
Ether" (l i lp) "cb (nip) O c b  mole mole b2/a2' 

Oxetane 452 800 
2-~~ethylteiral-lyc:.ro- 454 850 

furan 
Tetrahydrofuran 455 950 
Tetrahydropyran 456 930 
Propylenc oxide 460 970 
Ethyl ether 462 350 
1 ,4-Dioxznce 452 990 

~ 

248 6800 6.4 1.93 
252 3400 6.2 1-64 

249 5350 5.3 1*70* 
253 6200 4.9 1.66 
232 10950 3.8 1-10 
252 5650 4.2 1.12 
264 4440 3.5 1.3 

15.0 
14.6 

11.6 
10.7 
9.0 

10.3 
7.3 

0.056 
0.055 

0-046 
0.043 
0.03 I 
0.037 
0.032 - 

a Data from relcrcnLcs 274 and 278, csccpt where indicted. 
Molar absorbency indes in l/molc cm. 
Equilibrium coristant cmploycd in mole fraction units. 
Error limits 0.05. 
Data from J. A. A. Kctelaar, C. Van dc Stolpe and F. R. Gcrsmann, Rrc. Trw. C/Jim., 70, 493 

(195J);J. A. A. Kerelaar, C. Van de Stolpc, A. Goudsmit and W. Dzcubas, Rrr. Trau. Chim., 71, 
1104 (1952); reference 265. The data for dioxane arc f x  n-hexane solutions. 

Ratio of squares of v.~2vc function coefficients (qc;aion 2,  section II.C), b"/o" z AHO/hv. 

The heats of reaction determined spectroscopically compare favorably 
with those determined by ca!ori.metry, e.g. - 4-4 kczl./mole for ethyl 
ether-iodine and - 3.25 kcaljmole for dioxane-iodix 290. Scmewhat 
higher values for the heat of reaction and equilibi-iul;i cnnstamt of :he 
latter complex were found frcm solubility studies"L and may be due 
to activity factors from working in. a. dii'ferent concei1tratio:z range 292. 

I t  has been reporied that the schcnt has a Fronounred e&ci on the 
properties of rhe compicx. A study of ethyl ether-i3din.e in the vapor 
phase, while giving about thc same heat of reaction as in n-heptaae 
solution, gave a much h-igher eqxilibrium constaiit, a much lower 
molar absorbency index and a blue shift in the posiiion of the CT 
band 293. 

Ocher complexes which have been studied s7ectroscopically and 
thcrn.iodynarnicaIIy are iodine: with n-butyl 294, iso~;ropyI 285 and 
methyl butyl ether 291 ; sulfur dioxide with ethyl and p-hutyl ether295; 
cyanogen iodide with ethyl ether, dioxane, propylene oxide and tetra- 
h y d r o f ~ r a n 2 ~ ~ -  297a and tetracyanocthylene with tetrahydrofuran, 
tetrzhydropyran and 1 , 4 - d i o ~ a n c ~ ~ ~ ~ .  

When pyridine is added to a soliltion oi'iodine and ;t saturated ether, 
2 complex of the formul?., 1 pyi.idine: i iodine : 1 ether, is formed "*. If 
an  electron-attracting group is prescni, such as plienyl in miseie; rio 
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complex is formed. Since a coinplex is formed with vinyl ether, it is 
presumed that complexation occurs through the olefinic group and 
not the ether oxygen. Similarly, iodine complexation with rnethoxy- 
substituted benzenes and biphenyls has bcen attributed to interaction 
with the n- electrons of the aromatic ring235. 

Direct evidence for the formation of charge-transfir complexes has 
been obtained by Hassel and coworkers 299 fron x-ray diEiaction 
studies. The  1 : 1 adducts of 1,4-dioxane with the halcgerx (iodine, 
bromine and chlorixe) are all isomorphous, with a halogen molccule 
linking together two diosane molecules in a linear arrangement, 
0-X-X-0. Chains CX alternating molecules also are formed in the 
1: 1 adducts of 1,4--diox;ne with sulfuric acid and with dinitrogen 
tetroxide, by hydrogen-oxygen association ir? the former 299 and 
nitrogen-oxygen association iii the latter 269. Crystalline adducts of 
1,4-dioxane with oxalyl chloride and oxalyl bromide also have been 
studiedzg9. I t  should be kept in mind, however, that the crientation of 
an isoiatcd donor--acceptor species in the vapor phase or in solution is 
not necessarily the same as that found in the crystal, althmgh a 
similarity might be suggested. 

2. Hydrogen bonding with ethers 
Probabiy the interaction cf etiicrs that hss been mmt widcky studied 

to determine their donor propc&x is hydrogeE bofiding. The cKccts 
on physical properties and the methods of study are amply covered in 
Pimentel and McClellan's book, T h e  Hplrngen R ~ n d ~ ~ ~ ~  which gi\;es a 
critical survey of the literature to 1957. This section will emphasize the 
subsequent developments. 

The interaction of an ether with a Bronsted-Lowry acid icads to thc 
equilibria in reaction (37). The stronger the interaction, the marc the 

(37) 
.. .. .. R1-0: + H--Y e R1-0: .... H-y + Rj-O:H+ + y -  

I 
R" 

I 
R' 

(Hydrogen-bonded 
cornp!s)  

I 
R' 

cqililibria are shifted toward; the formation of thc oxonium sa!t. For 
the wcaker interacticns, heats of hydrogen-bond formatien havc been 
repcrted which range from a k ' e w  tenths to several kilocalories per mole, 
depending 0x1 the nature oi'R1, 5" and Y ;  howevei-, the actual strmgth 
of the ~ Y C I T G ~ W  bond is greater than the measured value because the 
~ l e ~  heat change is the difi'erencc betwecn the enerLg-y released in thc 
G.-H association and that required to stretch the iX-Y bond, 
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Hydrogen-bonding interactions frequently are studied by spectro- 
scopic methods. The association of an ether with HY perturbs the 
electronic energy levels of each species and causes a shift in. the elec- 
tronic spectrum, much like the shift in the iodine spectrum. But, to 
date, no case has been reported of a CT band for hydrogen bonding 
to ethers. The weakcning of the H-Y bond can be measured by the 
shift in vibrational stretching frequency to longer wavelengths or shift 
in bending frequency to shorter wave!en.gths. A fiew b a d  due to 0-H 
would appear in the casc of oxoiGi:m szlt formatian. Association 
changes the electron environment arouiic! the hydrogen, which can be 
measured by nuclear magnetic resonance. In the hydrogen-bonding 
interactior, there is a migration ofcha.rgc f n m  donor to acceptor, and 
it is not surprising, therefore, th2.1: charge-transfer theory has been 
applied to the hydrogen bond 301 * 30L?. 

T5e !dtraviolet bands of phenol and 
of ardine are shifted to longer waveleilgth in ethyl ether solution than 
in cyclohexane 303- 304. The shift is greater far phenol, indicating that it 
is a better Lewis acid than aniline. Similar 'red' shifts hzve been rcported 
for o-, nt- and fi-nitrophenol and m- and. k-nitioaniline in the pre- 
seiice of ethyl ether305, and 1- and 2-nzph.;!io!s in ethyl ether and in 
tetrahydr~furan~". Solution of benzoic acid in ether, on the other 
hand, causes a spectral shift towards the ;blue', 3 s  observed by Ito3". 

These spectral sb.ifts may be exp1;Gned on the basis of the re!ative 
hydrogen-bond-ing abilities of the ground and excited states of the 
aromatic h;&.-ogen donors. The electra;iical!y excited states cf phenol 

because of th: psit ive charge on the 0x1-gen and nitrogen atoms in 
the excited states. 'T!ius hydrogcr, bod ing  to ethers stabilizes the 
excited states more tlia.3 t he  ground states, with a consequent 
decrease in the excitation energi.. The excited state of benzoic acid, 
however, is characterized by an enhanced negative charge on the 
carboxyl group, with 2. consequent decrease in hydrogen-donor 
ability. Here hydrogen hocding to ethers stabilizes the ground state 
more than the excited stare, increasing the excitation energy. 

The total absorptioii intensity of aniline in n-hexane does not 
scem to vary with temperatux, but in ethyl ether there is an increase 
with decrease in iernperature due to greater hydrogen-bond forma- 
t i ~ r i ; ' ~ * .  Absorption spectra of Schiff bases having an o-hydroxyl group 
in the. aldehyde ririg show a long wavelength band at  400-450 rn/L in 
di3xane and in ethyl ether which is not present in hydrocarbon 
srJlvents 309. 

a. Ultraviolet and uhible sludizs. 

and aniiirla 2 ~ 2  La*+ uL.rLer v hydrogei: donors than the ground states, 
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Infrared studies have been the most widely used of 
the spectroscopic nxthods, and often have been correlated with other 
types of measurements. .Among tlic weaker hydrogen bonds measured 
in the infrared are those formed by acetylenes and substituted acetyl- 
enes in ethyl ether310s311 with a reported heat of formation in the 
range 1-1-5 kcz,l/mole. A large number of ethynyl compounds in ethyl 
ether were studied by Brand, Eglinton aiid Morman312. They deter- 
mined the association constant of the ether with benzoylacetylene 
( K ,  = 2.0 at 29") and with pnenylrxetylene (K, = 1.1 a t  29"). For 
the latter compound, combination of the spectrometric with 
thermochemical data gave AH = 1.4 kcaijmole and AS = -4.5 e.u. 
1ncr.cased solubility and increased retention time in gas-liquid 
chromatography were further evidence for the formation of hydrogen 
bonds. 

Chloroform forms rather comparable hydrogen bonds with ethers. 
Infrared data for chloroform-d in ethyl cther give an association con- 
stant at rcmi temperature of 0.83 rt_ O a i 5  l/mole3l3, With diosane, 
there is thermochemical evidence for a 1 : 1 and L 2: 1 
with a molecule of chloroform associated with each oxygen atom (at 
50" K,, = 1.1 1 and Kxm = 1-24). The heat of reaction is about 
0.5 kcal/mole for the 1 : 1 complex. Heats of mixing of chlorofarm with 
a number of saturated cyclic and acyclic ethers have been used to 
compare rc-,l;r.tive donor strengths. Searles and Tzm,res 315 Tcport a heat 
of mixing erchloroform with ethyl ether as 650 ca!/mo!c: at 3", which 
agrees with that of 670 cal/mole at 0" obtained by Lacher, McKinley 
arid Park"lG. Thesz are slightly lower than the value determixc! by 
McLeod and WilsonI6 (Figure 2, section IID), perhaps due to 
volatilization of the ether, which would have a cooling effect. 

Recently, a solid complex of ethyl ether-bromodichloromethaile was 
prepared at - 130", and x-ray analysis showed that the crystal con- 
tains G-H-.O bonds 31'. 

Alcohol interaction with ethers is a more complicated system to 
study because the self-association of alcohol may make uncertain the 
exact nature of the complex. This problem is minimized by working 
with dilute solutions of the alcohol in the ether. Fcr infrared studies, a 
favorable hydrogen-bonding system for de!:ermining relative basici6es 
of ethers is R,O---D-OCH, because the 0--D band (nt 2689 cm-l 
in CC'I,) is in a.n optically clear spectral region (as are C-D bands in, 
say, chloidorm-d), and is shifted zpigreciably on complexation. 
Gordy and Stanford310 measured the shifts of CH,OD in a large 
number c;f electron donors, including many ethers, and foilnd general 

b .  hfraredstudies. 
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correlation with basicity as determined by other methods, e.g. K,, 
solutility in CHC1,F and heat ofmixing with CHCl,. The same tech- 
nique was used by Searles and Tamres315 to study ring-size eEects in 
ethers (Table 2). A systematic study of inductive effects was made by 
Ginzburg, Petrow and Scha tenstein319 (Table 3). 

TABLE 2. Hydrogen bonding of cyclic ethcrsa. 

Ether 

0-D shiftb 
of CH,OD 

Heat of mixing with 
CHCIS of 1 : 1 solution 

(cm - I) (cal/molc) 
25" 3" 

Epichlorohydrin 
Styrene oxide 
Propylene oxide 
Cyclohexene oxide 
Oxetane 
2,2-Dimcthyloxetane 
2.2-Diethyloxetane 
Tetrahydrofuran 
2,2-Dimethyltctrahydrofuran 
Tctrahydropyran 
Cineole 

80 
85 
99 
99 
120 
125 
125 
117 
120 
115 
125 

190 
215 
443 
566 
703 

847 
677 
720 
6GO 
835 

- 

a Daia from refercncc 3 15. 
b Rclcrence solvcnt is CCI, in which thc 0-D band is at 26E9 cm-l.  

A few studies of aicohol-c;thei systems show that hydrogen bonding 
2ersisis Ir. the vapor phasc. From infrared data for the methanol.-ethyl 
ether complex, - a dissociation energy of 4.7 5 0.7 kcal/mole is re- 
p r ~ : d  320, which may be high since for trifluoroethanol-tctrahydro- 
fuian the dissociatiori energy is rzported only as 2.3 -t- 0.3 kcal/ 
~ . c k  321. 'LT-?dcubtedly, hydrogen bonding plays an importarit role in 
the formation of azeotropes, as in the case of methyl alccho!-tetra- 
hydrofuran 322. 

Gramstad studied the interaction of phenols with ethers 3:?3. Since 
phenols are stronger acceptors than alcohols, larger 0-13 shifts are 
observed. Gramstad found a linear correlation between thc frequency 
shift and equilibrium constant of the complex. The spsctrai and 
thermodynamic data of Powell and West 324 for phenol-ethyl ether in 
CC14, obtained by measuring the first overtone of the 0-FT stretchicg 
fundamental in the near infrared, are in good agrecrneni: with 
Gramstad's results. The interzction of peritachhrophencl with tetrrz- 
hydropyran in CCI, gives a larger 0-H shift 5ut smaller equilibrium 

10 -t C.E.L. 
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TABLE 3. 0-D shifts of CH30D in ethersu. --- - 
Ether A V h  Ether AS 

(an-') (cm-') 

(CH2)40 115 

CH-OEt 

0 

0 

(CH2?3 

0 
/ \  

0 

92 

76 

88 

112 

100 

85 

0 Data from reference 31 9. 
b Rcfcrcncc solvent is CCII, in \\hicii thc O-D band is at 2689 cm-'. 

constant (K,) than phenol. Grainstad considered that pentachloro- 
phenol does not enter into hydrogen bonding as strongly as phenol, 
probably bccause of the lower iYc value. However, the larger 0-H 
shift. would indicate that thc lower Kc might be due perhaps to a steric 
efTect; it would be expected that ch!orinc substitution in phenol would 
make the molecolc more acidic. 

Further comparison G f  zlcs.hc.i and phenol interactions with ethers 
in CC1, have been made hy HcPzj"": whose results are in  about the 
same range as those G f  Gramstad. The data show good correiation 
between frequency shirt jdv) and pK,. 
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The study of phenol interactions also has been made to determine 
the basicity sequence for a series of vinyl and aryl ethers326. 

Interactions of secondary amines with tetrahydrofuran in hydro- 
carbon solvents were studied both in the infrared and ultraviolet 
regions 327, The associztion constants and molar absorbancy indexes 
in both regions were evaluated using the same equations which have 
been applied to charge-transrer spectra. The principles are equally 
applicable. The results Ir"or cliphenylamine-tetrahydrofuran in 2,2,4- 
trimethylpentane were: (a) i.r., dv = 95 cm-l and Kc220 = 1.53 + - 
0-15 I/mole, ( b )  u.v., = 1.43 k 0.1 l/mole; and for di-o-tolyl- 
amine-tetrahydrofuran in the same solvent: (a)  i.r., CY = 68 cm-lznd 
Kc220 = 0.44 & 0.02, (6) u.v., K C z 8 O  = 0.9 k 0.3 l/mole. The smaller 
value for both K ,  and du for the di-a-tolylamine case indicates that 
steric hindrance weakens the hydrogen bond. 

Perfluoro fatty acids react with ethers to give stable addition com- 
pounds, e.g. 3CF,C02H - 2(C2I&J20, 2C3F7C02H- (C2H5)2O and 
3C3F,COzE. 2dioxane 328. Acetic and n-butyric acids seep. com- 
paratively incr: towards these ethers, but polyethers interact with 
polycarboxylic acids to give insoluble polymers, presumably due to the 
effect of multiple hydrogen-bond formation 320. 

The hydrogen halides are, of course, strong acids, and their inter- 
action with ethers is quite marked. Band broadening has been corre- 
lated with strength of interaction300 and the H-X bands of the 
hydrogen halides and of HNQ, in ethers are quite broad. Miller1 and 
coworkers 330--333 have shown that Fermi resonance from the inter- 
acticn of adjacent vibraticnal levels is net the main cause of the 
broadening, but rather it is due to the presence, near the strong peak 
of the 3-X stretch, y 3  (2P), of two equispaccd subsidiary peaks which 
are assigned to the sum and difference between and the stretch of 
the hydrogen bond, u1 (22). 

Yl "1 
c -+ 4- 4 --+ 

R,O....H--X RZO....H-X 
(21) (22) 

I t  was mentioned earlier (section 1II.A. 1 .el that the heat of reaction 
of ethers in n-octane soluiion k larger with HF than with EC173. A 
similar sequence has been ob:;erved from infrared studies of these 
hydrcgen ha!ides with ethyl ether both in CCI,334 and in the gas 
phase335. A study of the interaction of (CH3),0 and HC1 in the g2s 
phase gave an internal encrgy of molecular assmiation of -4.1 kcal/ 
mole 24. 
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A number of nuclear magnetic 
resonance studies have b x n  made involving hydrogen bonding tc; 
ethers, with the rnagnitudc of the proton shift serving as a measure OF 
relative basicity. The shift for phclicl in ethyl ether is larger than that 
in dioxane; and even larger shifts in these ethers are obtained with 
o-chlorophenol, in accord with the expected trend in acceptor pro- 
perties 336. Other acceptor molecules studied include water337 and the 
haloforms 338* 339. Correlation of relative basicities from nuclear 
magnetic resonance and infrared data for the same acceptors is fairly 
good, as shown in Table 4. Comparison is made also with basicity 
measurements using a widc variety of methods involving different 
acceptors. An extensive tabulation d d a t a  on the interaction of ethers 
may be found in the review by &nett l .  

c. Nuclear nzngtieiic resonance sludies. 

IV. FACTORS AFFECTING T H E  STRENGTH OF COMPLEXES 

While the relative basicities of different ethers towards various acids 
are generally quite similar, it is apparent in Table 4 that a number of 
reversals occur which are beyond the range attributable to experi- 
mental error. This points to the mcessity of specify-ing a basicity 
sequence in terms of the reference acid involved and possibly other 
conditions of the msasurement. 

Sevcral factors contribute to the strength of interaction in complex 
formation. These are by no means unique to ethers, but exzmples will 
be selected to iiiustrate their application to ethers. 

A. inductive Eflects 

‘The electron-donor ability of ethers is markedly decreased by the 
presence of electron-withdrawing substituents. Perfluorinated ethers 
show no reaction with dinitrogen tetroxide266 or with cyanogen 
iodide294 and cooling rather than heating is observed 011 mixing with 
chl~roforrn~’~.  Cyclopropyl ethyl ether shows much less solubilit;; in 
water than ethyl ether345, and bis(chloromethy1) ether is reported to 
form no complex with boron trichloride 178. 

O n  the other hand, increasing the positive inductive effect of the 
alkyl groups on the oxygcn atom by a branching or increase in chain 
length346 tends to increase the donor ability of the ethers, unless offset 
by other factors, z x h  as steric hindrance. Thc influence of the in- 
ductive effect may be seen in the hydrogen bonding of various dialkyl 
ethers towards methanol-d,, chloroform and phenol 315. 347* 348. 

Likewise, the hydrogen-bonding ability of 1,2-dialkoxyethanes is 
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reported to be enhanced by increasc in the size of the a.lkyl groups 
(Table 3) 310. 

5. Conjugation 
The interaction of a lone pair of electrons on an ether oxyo=- I=LII atom 

with an adjacent 7r orbital diminishcs the ability of the ether to CCI- 

ordinate with an acceptor molecule. The very low solubility of vinyl 
ethers in water can be ascribed to this effect causing diminished hydro- 
gen bortdhg with water345, and vinyl ethers also bind less strongly to 
phenol than do saturated ethers320. Aromatic ethers appear to he 
poorer doilors than saturated ethers in all interactions where relative 
stability of complexes has been studied. The anisole-phend interaction 
is reported to give two infiared absorption bands, one attributed to a 
hydrogen bond with nonbonding electrons on the ether oxygen atom 
axd the other to association with the aromatic T orbital. I t  is estimated 
that 7 5 4 0 %  ofthe association is with the oxygen ztom3*’. 

C. Steric Erects 
The presence of bulky groups on either the ether or the acceptor 

molecule may inhibit the close approach of the latter, resulting in 
weaker bonding than otherwise would occur. There w e  numerous 
exa.mples of this effect. For example the stability of the addition com- 
pounds of bmo:: triflucride with dialky! ethers fc”o?lswed the steric 
order : Me20  > Et,O > i-Pr,O, rather than the inductive order, and the 
same was true for the complexes of these ethers with dinitrogen tetr- 

With acceptor molecules having large central atoms, steric ?actors 
would be cxpected to be of less importance: in the case of triethyl- 
aluminum, the heats of complex formation with various dialkyl ethers 
are practically the same 222, indicating that the differences in icductive 
a d  sieric effects are about balanced with this Lewis acid. 

Even with hydrogen bonding, steric effects may be obrctr;red, at least 
in special cases. In a study of the interaction of ethers with a variety 
of ortho-substituted phenc!s, Be1lzrr.y ar?d his collaborators chserved 
much weaker association in the case of 2,6-di-t-b~tylphenol~~~* 351. 

Another example may be in the association of n-butyl ether with 
chloroferm, where the heat of mixing is significantly lower than that 
for ethyl ether and chloroform; this eflect may be caused by steric 
hixhance to the approach of the chloroform molecule by the ends of 
the butyl groups3I5. 
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D. Ring-size) Eflects 

The ring size of cyclic ethers has a considerable effect on their donor 
abilities, the magnitude of this eFect depending greatly on the Lewis 
acid involved. 

Several factors that may be involved in complex formation are, of 
course, affected by change in ring size: (a ]  a decrease in the C S C  
angle, zssociated with a decrease in ring size, results in less steric 
hindrance for interaction at: tne oxygen atom; ( 6 )  changes in hy- 
bridization of the orbitals of the oxygen atom, due to changes in its 
valence angle, result in coixiderable variation in the electron density 
on the oxygen atom with ring size and in the streiigth of a coordinate 
covalent bond that might Ec formed with an acceptor molccule; and 
(c) changes in nonborided rcpulsions between the electrons on the 
oxygen atom and those on the adjacent carbon atoms are to be ex- 
pected with changes in ring size, 

The only case where a systematic increase of donor abilities of cyclic 
ethers has been reported is that of dimethylzinc 237. Tlie relative donor 
abilities, however, were estimated in a rather indirect manner and 
should receive further study. The ratio of ether t~ dimethylzinc ob- 
served when the complexes were slowly distilled through a fractionat- 
iiig column was taken as a measure of basicity of the ether. This ratio 
increased with increasing ring size of the cyclic ether : 0.8 for ethylene 
oxide, 1.2 for oxetane, 1-6 for tetrahydrofurar, and 2.0 for tetra- 
~ ~ & c ~ > T z x I .  The same order was observed in the boiling points of the 
complexes on rapid distillation (47, 81, 82-5 and 93.5"), though the 
stoichiometry o f  tile complexes was different. Thiele proposed that 
the coordination bonding strength of the oxygen atom must increase 
as tht C8iC boi~d angle increases to the tetrzhedral value, because 
the p character of the oxygen orbitals used should increase until sp3 
hybridization is reached with the &-membered ring 237. 

Tetrahydrofuran is, however, a stronger complexing agent than 
tetrahydropyran in ether interac&m reported, including the rela- 
tively strong interactions with boron trifluoride 184 ami stannic 
chloride240. The order with these two may well be due to predomin- 
ance of the steric f;rr,tor, since it was cbsei-vcd thzt the degree of inter- 
action was decreased by a-methyl s u b s t i t ~ t i o n ~ ~ ~ * ~ ~ ~ .  The fact that 
tetrahydrohran is a better electron donor than acyclic ethers in 
numerous interactions is also in accord with its lower steric require- 
imellts, but there is another possible explanation, based on the effect of 
bond angles on the electron dcnsit): Gn the oxygen atom. 
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Iodine complexation of cyclic cthers 274 and their hydrogen bonding 
with methanol and with chloroform315 are of interest, because the 
weakness of these interactions and thcir low steric rcquirernents:k 
would tend to minimize both the orbital overlap and stcric factcrs. 
The ring-size effect observcd in these interactions follows the order : 
4- > 5- > 6- 3-membered ring. This is the same order as the 
variation of clectron density on the oxygen atom with ring six, as 
deduced from nuclear magnetic i-esonance studies on the shielding 
o f  u protons in cyclic ~ t h e r s ~ ~ ~ .  354. The net electronic effect is !lot a 
simple function of orbital hybridization; studies of " G H  nuclear 
masnetic resonance coupling constants suggest a decrease in s 
character with increasing ring size 354. 

It is, of course, possible that part of the differenccs in the apparent 
donor ability of the four-, five- and six-memhered rings may be 
ascribable to steric effects, since they wouIci favor the same order. This 
view was taken recently by West and his who were able 
to observe no significant difference in the enthalpies of hydrogen 
bonding of oxetane, tetrahydrofuran and tetrahydropyran with phenol, 
since the data €or each intcraction were approximately within the cil-iir 
limit for the determinations. This approach, however, is subject to 
rather high error limits, rclstive to the diKerences in the interactions 
studied, and necessarily includes the assumption that enthalpy changes 
at  other sites in the reacting species are essentially constant for the 
series. Hydrogen-bondkg studies based on comparison of vibiatiional 
frequency shifts in the acceptor molecule are more sensitive and are 
concerned only with the hydrogen-bonding interaction. Frequency 
shifts as well as complete thermodynamic data for the association of 
phenol with cyclic ethers have been repoxted by Lippert and 
Prigge355b, and the results arc in accord with the donor ability sequence 
found with methanol and with chloroform 315. The severad studics 
serve to emphasize that the ring-size effect on donor ability is largest 
between the three- and four-membered rings, and is much less for the 
four-, five- and six-mernbered rings. 

B e i l ~ n ~ ~ ~  has interpreted the difference in the equilibrium constants 
for the association of phenols with tetrahydrofuran and tetrahydro- 
pyran ir, terms of a solvent cage model, involving the relative sizes of 
the ether molecules. 

* Although the iodine molecule is relatively large, only one atom of i t  cow-- 
plexes directly with the ether oxygen atom and the distance for this inter;iction 
is probably longer than a hydrogen bond (cf. Hassei and Rsmining: reference 
299). 
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The observation of Sisler and coworkers266*268 that the strength of 
complexing of cyclic ethers with dinitrogen tetroside was in the order : 
oxetane r tetrahydLofuran > tetrahydropyran, appears to be satis- 
factorily explained by the effect of ring size on electron distribution. 
The alternative explanation based on steric factors would not be con- 
sistent with lack of appreciable sieric eKect associated with a-methyl 
and a,a'-dimethyl substitution in tetrahydrofilran 267* 268. 

The only study of the ef?ect of sevefi-rr,cxxbered ring size on the 
donor properties of an ether is that of A-nett and WuE2 who deter- 
mined, by means of their extractioii method, pK, values for hexa- 
methylene oxide, tetranydropyran and tetrahydrofui an of - 2.02, 
- 2-79 and - 2.08, respectively. Because of the similarity of the basici- 
ties of the five- and seven-membered rings, Arnett and Wu proposed 
that ring-size effects may be d x  to the variation of nonbonded re- 
pulsions with ring size, considering that the repulsion between lone 
pairs of electrons on the oxygen atom and the electrons ix the ad; lacent 
C-U bonds acts as a driving force favcring corn$exat:lon. 

E. Soivntion 
It is well known that differefices in solvation energies often far 

outweigh any other factor in derermining the extent of many donor- 
accepter interactions, but this factor has not received much attention 
with complexation of ethers. 

An interesting example of the role of solvation may be seen in the 
determinatiocs of relative basicity of 7-csabicyclo[2.2. llheptane (23) 

h 

in different solvents. Tkie C S C  angle in this cornpound is com- 
parable to that in oxemic. It w x  feud from pi(, measuremcnis in 
aqueous sulfuric acid that t t i s  bridged ether was less basic than 
tetrahydrofuran and of about C3:; same basicity as te;;rc?hycirop).;an 8':. 

This result could well be duc to the hydrocarbon 'cage' preventing - 
solvent stabilization of the oxoni!ini ion in the aqueous medium. 
Hydrogen-bonding and iodlne-complesation studies in n-heptz ne 
showed that this ether was z beiter donor than te t rahydr~f i ; ran~~~,  in 

i 0" 
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acccjrd with the concept t?iat the relation between electron density and 
valency angle at  the ether oxygen atom is an important factor in donor 
ability. 

F. ChelaZion 
Although the presence of an u-alkoxy group in an ether is base 

weakeiiin,o in many interactions, such as protonation 82, hydrogen 
bonding 319 and aluminum chloride 213 addition, it is greatly base 
strengthening in associztion with acceptor species which coordinate 
readily with two or more ether molecules. As proposed by Zook and 
Russo~"~,  this effect is undoubtedly due to t!ie chelation possible with 
diethers and triethers with such species. It has been clearly observed 
with sodium ions105- l I 5 -  116 and probably with dinitrogen tetroxide 267 

and beryllium and magnesium compounds i43. 162, and it may be 
involved in the common use of dioxane fos making ether complexes of 
heavy metal compounds. 
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1. IN'TR86313eTION 

Hemiacetals (1) are addition products formed from one molecule of a 
hydroxy and one molecule of a carbonyl compound. The hydroxy 
compound is usuaily an alcohol, and rarely a phenol. The carbonyl 
compound may be either an aldehyde or a ketone. I n  the latter case 
the designation hemilietal is also used (reaction 1). Acetals (2) x e  

R' R' OH 
'\/ 

(1) > c=o -F ~ 3 0 ~  
\ 
, 

/' '\ 

(1) 

R2' R' 0 ~3 

etherification products of hemiacetals. Formally, they result from 
elimination of one molecule of water from a carbonyl compound and 
L- L A O  - molecules of an alcohol (xaction 2). 

The compounds derived from ketones are usually called kctals, 
sometimes also ketone acetals. The designation acetal is used, howcver, 
not only for the products derived from aldehydes, but as a general 
term for the whole field. 

The great variety of thc acetals is d.ue t3 the fact that they may 
contain both the osygens in one ring (3), one oxyger, in one ring 
(4) or both oxygens in two rings (5).  

(4) (5)  

The acetal group plays an iinportant role in glycosides and in the 
side-chain of steroids ; the methylenedioxy group appears in many 
alkaloids. SimFle acetals do not seem to occur in naturc. 
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11. HEMiACEBALS 

The zddition products of alcohols and carbonyl compounds can be 
isolated in rare cases. A whole series of herniacctals of chloral, which 
can be crystallized or distilled, have been described I. Tile ethyl 
heiiiiacetal of chloral (6) decomposes rapidly into its components 

OEt OEt OEt 
Ac,O / CHJ+ / 

\ 

/ 

CI,CC/H <- CljCCH CIaCCH (3) 

OMe 
\ 

OCOMe OH 
\ 

(6) 

at 160", but only slowly at  its boiling point (115"). The hydroxyl 
group of 6 can be acylated by acetic anhydride and methylated by 
diazomethane (cquadon 3) 2. 

Additional examples are the ethyl hemiacetal or" glyoxylic acid 
ethyl ester (7) 3, the methyl hemiacetal cf cyclopropanone (8) * and 
the hemiacctd of the heterocyclic aldehyde (3)  s. The examples 7, 8 
and 9 show that hemiacetals are stable in those cases ii1 which the 

Ha, ,OEt. 

FH 

M e 0  

CHCOOEt 
Ho\ 
EtO' 

parent carbonyl group is strongly electron deficient. The re1atj.w 
stability or certain isolated hciniacetals (e.g. 10, 11 and 12) is due to 
their cyclic structure6-8. 

M'hile the isolation of a stable hemiacetal is limited to special cases, 
an equilibrium between a carbonyl compound, alcohol and hemiacetal 
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is evident in all cziscs. In alcoholic solutions, as a rule, aldehydes form 
hemiacetals to a considerable extent, while ketones form hemiacetals 
to only a very small ~ l e g r e e ~ . ~ ~ .  In  the absencc of acids or bases lienii- 
acetzl fxmation proceeds very slowly. A mixture of propionaldehyde 
and prop$ alcohol contained, after 95 minutes at 25", 83% of the 
hemiacetal, which is very nearly equal to the equilibrium concentra- 
tior, (E7-6y0) g. Statements in the older literature, claiming that 
heniiacetal formation is not influenced by catalysts, do not seem to be 
correct since the process is a typical carbonyl addition1'. Moreover, 
acids and bases accelerate the mutarotation of sugars, which is in 
principle the same v p e  of reaction1". 

More accurate studies, in particular on the catalytic influence of 
bases: are missing. Attempts to study tile acid-catalyzed hemiacetal 
formation l3 were occasionally inaccurate, since formaticn of the acetal 
intervened 14. 

The possibility OF hemiacetal formation during various reactions, 
such as acetalization, should be postulated. Several independent 
physical methods showed that hemiacetal formation indeed cccurs tc 
quite an appreciable extent. Measurements of the heat of reactiong, 
deviztions from additivity of the refractive index and OC the den- 
sity15, 16, as well as melting-point diagrams in mixtures of' aldehydes 
and dcohols, point to the formation of considerable quantities of a 
compound in a 1: 1 molar ratio. The addition product of one mole 
each of heptanol and heptanal has been isolated in crystalline form 

Ultraviolet absorption was extensively used to deterrr.ir-?e the hemi- 
acetai formation. The absorption cf the czrbor=;l g r y ~ ~ ,  in the region 
of 300 mp, disappears as a result of the addition of alcohol. Systematic 
studies were made by Herold in 1932'O. Even at that early date 
the dependence of the equilibrium position on steric hindrance was 
established. Some results are shown in Table 1. 

0 18. (m.p. 2 1 

TABLE 1. Percentage of hcmiacetal in 0.1 molar solution of carbonyl compounds 
in various alcohols. 

-~ ~ 

Carbonyl compound MeOH EtOH i-PrOH I-BuOH 

Acetaldehyde 97 91 71 12 

Isobutyraldehyde 90 81 42 
Propioiialdehydc 95 87 58 

Bromoacetone 47 22 16 
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I t  is apparent that in methanol simple aliphatic aldehydes exist 
almost completely in the form of the herniacetal. Branching in alde- 
hydes somewhat decreases the amount of the hemiacetal while 
branching in the alcohol component decreases it to a considerable 
extent, e.g. acetaldehyde in t-butyl alcohol gives only 12% of the 
hcmiacetal. The formation of hemikctals is similarly influenced l3y the 
alcohol. 

Quantitative data on the promotion of the hemiacctal formation 
by halogen substitution :'rere obtained by Cantacuzkne lo. Measure- 
ments of ultraviolet absorption have shown that the formation of 
hemiacetal from acetaldehyde and ethyl alcohol is strongly increased 
by successive chlorine substitution in the aldehyde ; however, the 
final increase on passing from dichloroacetaldehyde to chloral is very 
small. Chlorine substitution in the alcohol decreases the amount 
of hemiacetai formed. Equilibrium between the components in cyclo- 
hesane solution is usually at.tained after approximately one hour, but 
with cliloral the equilibrium w3.s attained very much more slowly. 

Attempts were inade quite early to determifie the equilibrium 
position in intramolecular hemiacetal formation. These experiments 
sewed as models for the investigation of the om-c)rclo tautonicrism 
of carbohydrates. HelferichZ0 deduced the presence of the cyclic 
hemiacetals such as 114- from measurements of the molar refraction 
of y-hydroxybutyraldehyde, y-hydroxyvaleraldehiyde (43) and 6- 
hydroxycaproaldehyde. Reactions of the aldehyde group with soiu- 
tions of siher salts In amrnnnia and with furhsine sulfurous acid 
occuri-ed only on heating. 

The 2-hydroxy-5-methyltetrahydrofuran (l4) reacts with methan- 
olic EC1 to form an ether, and with acetic aiihydride to form an acetyl 
derivative (equation 4). 

Hydroxy ketones have much less tendency to form intramolecular 
hemiacetals. Infrared and Rainan spectra show 21 tha; . I  the ;J-acetyl- 
propyl alcohol contains only traces of the cyclic isomer. lvmre precise 
determinations of ihe equilibrium position were cariied out with the 
help of ultraviolet spectroscopy 22. The percentage of cyclic hemiacetal 
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present was determined by comparing the ultraviolet spectra of 
to-hydroxy aldehydes and w-methcxy aldehydes in dioxane-water. 

While five-membered (15) and six-membered (16) rings are 
favored in the equilibrium, the higher homologs appear as the 

open-chain hydroxy aldehydes. This dependence of the equilibrium 
position on ring size is in accordance with the fact known from sugar 
chemistry, that the pyranoid structure prevails over the furanoid one 
and that the cyclic forms with larger rings are not irnpoxtant. 

111. PREPARATION OF ACEYALS 

A. kcid-saitulyzed Acetal Formation 
The acid-catalyzed reaction between a carbonyl group and ail 

alcohol to form an acetal is afi equilibriun- reaction. As a rule, the 
aceial formation is not complete. Some numerical values are given in 
Table Z2”. 

T A ~ L E  2. Acetal pcrccntages at equilibrium in 1 : 5 aldehyde-alcohol mistures. 

A id ehyde EtOH Cyc!ohexanol i-PrOH LBuOH 

Acctaldchy dc 78 56 43 23 
Isobutyraldchyde 71 23 

Bcnzaldehyde 39 23 13 
Trimetliylacetaldehydc 56 16 11 

Comparison with Table 1 shows that substitution has the same effect 
on acetal formation as on hemiacetal formation. Branching of the 
alkyl group either in the aldehyde or in the alcohol decreases the 
tendency to form aceials. Tlic pi csence of an electron-attracting 
group favors acetal formation. The equilibrium constant for the 
acetalizatim with ethanol is 0.0744 for acetaldehyde and 0.1 121 for 
brornoacetaldehyde 25. Acetal formation is adversely influenced by 
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stabilization of the carbonyl double bond by conjugation. This is 
shown by the tabulated value for benzaldehyde and the equilibrium 
constants for acrolein (0.00455) 25 and crotonaldehyde (0.00063) 25. 

The forcing con clitions which have to be employed with ketones for 
the removal of water justify the assumption that the equilibria with 
these ketones are less favorable than for bcnzaldehyde; the trend is the 
same as in the equilibria for the formation of hemiacetals. 

Djerassi and coworkcrs 2G carried out very instructive qualitative- 
experiments on the equilibrium of thc ketal formation. Optical 
rotatory dis?ersioo* was uscd to follow the decrease ofthe concentration 
of the ketone. The ketal formation is very strongly affected by steriz 
and conformational factors. The degree of ketal formation of 3-methyl- 
cyclohexanone (17) with methanol, ethacol and isopropyl alcohol 
was 93,33 and O%, respectively. The relatively high values for ketaliza- 
tion result from an extrerxly high ratio of alcohol to ketGne (approxi- 
mately 1000 : 1). The mzxirnum amount of ketal was obtained with 
&\-membered cyclic ketones. Ketal formation was smaller with 
3-rnecLhylcyc!opentanone (24%) and 3-rnethylcycloheptanone (2 17L). 
Tlir presence of m u-ificthyl group ir, l '7  decreases the amcunt of 
ketal formation to 250/,, a gem-dimethyl group in the a position 
decreases the formzlion to 0%. The ketal formation of an 0x0 steroid, 
such as E8, amounted only to 1%, because of the branching of the 
adjacent carbon atom. In the 3-0x0 steroid (19), where there is no steric 

0 46 
CHI I 

* since the work was carried out in presence of acid, ketal was formed and 
not z hemiketal as the authors assumed (cf. reference 14). 
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hindrance of the carbmy! group, 81% ketalization was found. With a 
2-0x0 steroid the yield was only 12%, because the keral formation 
leads to a 1,3-diaxial interference with the methyl group at Coo). 
Appreciabie differznces in ketal-forming ability of carbonyl groups in 
different positions on the steroid skeleton iiidicate the possibility of 
selective ketalization. Oliveto and coworkers 27 a observed partial 
formation of a dimethyl ketal at  the C(3)  atom of the triketone (20). 
Janot and c o ~ o r k e r s " ~ ~  achieved selective ketalization at C (3) of a 
steroid and obtained a dimethyl ketal, while the carbonyl group at 
C ( 2 0 )  was unaffected. 

The mechanism. of acetal formatioll is at  present undisputed 
(equation 5). Although acetal cleavage was thoroughly examined, 

kinetic data on acetal formiition are poor. Qualitative conformation 
for the reaction mechanism may be found in its b e i q  the exact 
reverse of the thoroughly studied mechanism of hydrolysis; all steps 
of the reactior, are reversible. The lack of data on formation rates is 
undcrstandable, because the reaction starts from the hemiacetal for 
which precise concentration measurements are difficult. The result of 
such measurements would be very interesting. Since the rate-detcr- 
mining step of acetalization is the formation of cation 22 from the 
pmtoizated hemiaceta! 21, it is to be expected that substituents will 
have effects analogous to those they exert in the rate-determiring step 
of the acetal cleavage, involving cation fornia'Lian from the protonated 
acctal 23. 

The presence of alkyl grcup, multiple bonds and pheiqjl groups 
should enhance the reaction rate, while electron-attracting substitu- 
cnts should decrease it. The rate of farmation would then change 
corresponding to different substituents in precisely the opposite way 
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to the equilibrium constant for acetals or hemiacetals. Adkins and 
AdamszO found that ethanol reacts forty times faster with benzalde- 
h‘jde than wit11 acetaldehyde to yield the corresponding acetal. 
Ketones, for which the equilibrium is least favorable, could be expected 
to have the highest rate of formation; good licmiacetal precursors such 
as chloral should have the slowest rate of acetal formation. 

This rcgularity is in extreme cases evident from data in the prepara- 
tive literature; in order to compensate for the low reaction rate the 
amount of acid must be increased. In  the typical case of chloral the 
acctalization takes place only under drastic conditions. In order to 
obtain a cyclic acetalZg with glycol, chloral had to be heated -..rii.h 
three times the quantity (by weight) of concentrated sulfuric acie. 
Trifiuoroace taldehyde forms a stable hemiacetal, which could not be 
made tc react with a!coho! and acid to foam an aceta13’. On :he other 
hand ketones, in spite of unfavorable equilibria, yield ketals quite 
readily. This is evident from tl te fact that the reaction proceeds very 
rapidly in the presence of weak acids iike ammonium or calcium 
chloride3’. 

The opposing effects of substituents on the concentration of hemi- 
acetals and on the rate of its reaction to form an acetal, lead to a 
weakening of the overa!l effect of substituents. 11. should be reempha- 
sized that, contrary to a widespread belief, ‘ poor ’ acetal-precursors 
(like ketones) have high ratz coefficients while ‘good’ ones (such c?s 
chlorinated carbonyl compounds) react particularly slowly. 

The following influences of the alcoholic component are evident from 
the mechanism of acetal formation (equation 5) .  The concentration of 
the hemiacetal, from which the acetal formatioil starts, is decreased 
by branching in the alcohol component (see section 11). The equiii- 
briurn in the protonation step of the hemiacetal should depend some- 
what (but not strongly) on the structwe. The rate of acetalization 
will Le influenced by the alkoxy group of the hemiacetal, but will 
be independent of the entering alcohol molecule, since reaction with 
the latter takes place after the rate-determining cation fcrmation. 
The rate coefficients with methanol, ethanol, isopropyl alcohol and 
t-buy1 alc&o! were found to have the relative magnitudes of 1.02, 
2.37, 5-52 aild 11.30, respectivelyz3. 

The equi’ibrium of acetal formation does depend on the structure 
of the alcohol (Table 2). Acetalization through ring formation is 
quite favored. For example the pentaelythritol acetal of formalde- 
hyde hydrolyzes ten thousand times more slowly than formaldehyde 
diethyl acetal 32. Postulating similar rates of formation it follows that 
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the six-membered ring acetal has an equilibrium constant greater by a 
factor of about 10 I. Therefore it is possible to obtain cyclic aceials 
even in water solution33. The rates of acetal hydi-olysis for mcthyl, 
ethyl and isopropyl acetals were found to be roughly in the ratio 
1 : 10 : Again assuming that the rate coefficient of the acetal forma- 
tion depends only partially on the alcoholic component, this explains 
the shift of the equilibrium favoring successively less of the acetal when 
passing from methyl to ethyl to isopropyl alcohol. I Y etones are more 
influenced by space requirements of the components which they add ; 
on the other hand, the ketal formation starts from the unfavorable 
equiiibrium of hemiketals. This explains why ketab of secxdary 
alcohols were not synthesized until recently. The first successful 
syntliesis was in 19603”. Ketals of tertiary alcohols are not known. 

The equilibrium being essenuaily unfavorable for the fmmation of 
acetals, the main problem in their preparation is to shift the equi!i- 
brium by reducing the concentration of water. Thus it is rnain!y a 
thermcdymamic problem ; only in the case of carboiiyl compounds 
with a very electron-poor carbonyl group, such as chloral, does the 
problem become a kinetic one. 

In fzvorable cases it is sufficient to keep thc concentration of water 
low by the addition of a large excess cf alcohol. Acetals of aliphatic36 
and some aromatic a l d ~ h y d e s ~ ~ . ~ ~  may he obtained by reaction with 
a large excess of alcohol containing approximately 1% KC1. Anoth-:r 
methcd is the removal of water by azeotropic distillation 39, with 
some inert solvent added if necessary 40. 

In cases with very unfavorable equilibrium of acetalization it is 
necessary YO remove the water completely by adding a compound 
which reacts readily with water. Suitable compounds are esters of 
sulf~irous 41 and silicic 42 acids, acetone ketal 43 and orthoformates 44. 

Practicaily all carbonyl compounds yield zcetals in the presence of 
orthoformates. 

The linear dependence of the reaction rate on the acidity function 
.!Yo of the solution, which was establishede5 for acetal hydrolysis, is 
probably also valid far acetal formation. The anion of the acid present 
is not important. The choice of a certain acid is mainiy governed by 
the solubility of the latter. p-Toiuenesulfoxk acid is frequently used 46. 

I n  the cases where milder conditions are required o x a l i ~ ~ ~  or a d i p i ~ ~ ~  
acids are used ; since these are :veak, acids, the exact mezsure  cf acidity 
required is easier to achieve. Mild conditions are desired when side- 
reactions may be caused b‘j acids. In the steroid series it is possible to 
avoid the danger of shifting the double bond to the d5-position49 
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during ketaliz;?tion of d4-3-ketoncs by ~ i n g  weak adipic acid as the 
cataly~t'~. With p-toluenesulfonic acid mixtures of A4-  and d5-ltetals 
resulted. 

B. Othcr Acetal Formations via the Afksxy Carbonium ton 

1. From carbonium salts 

The mechanism of acetal formation as described above (equation 51, 
implying the formation of an alkoxy carbonium ion (22), is supported 
by the fact that ;naiiy other reactions in which alkoxy carborium iGns 
are foriilcd yield aceials if alcohols are pi-esent. 

The work of Meenvein and coworkers50 provides the most 
instructive examples. The a%o~y carbonium ions are formed BS salts 
of complex anions, and treatment with sodium alcoholate yields 
acetals (eviation 6). The formation of acetals from pyryliurn salts is 
well !mown". A newer examples2 is shown in equation (7). 

2. From a-halo ethers 
a-Halo ethers have a pronounced tendency to d i s~oc ia t e~~ .  In  

alcohols, in the presence of acid-neutralizing agents if needed, they 
yield acetals (equation 8). Clearly, the method is useful only if the 

+ ROH 
RO-CH2CI + RO-CH, - > ROCH20R (s) 

u-halo ether cannot be obtained from the carbonyl compound and 
alcohol, while the c-halo ether can be obtained by halogenation of the 
corresponding ether. For example Reppe and coworkers 54  chlor- 



320 E. Schmitz and I. Eichhorn 

inated tetrahydrofuran and obtained with methanol a 2-methoxy 
compound (equation 9). 

y-Bromocrotonaldehyde diethyl acetal was obtained by 1,4.-addition 
of bromine to 1-ethoxybutadiene and subsequent treatment of the 
rcsulting compound with sodiilill erhoxide (eciualioi-r 10) 55 .  The above 

Br  
8 r2 / - 0 E t  

CH,=CH-CH=CHOEt __f BrCH,-CH==CH-CH -> 

OEt 
'\ 

Oi t  

'OEt 

(10) 
/ 

BrCH2-CH=CH--CH 

procedure is advantageous in the preparation of phenol acetals; many 
side-reactions which occur in acid solution between phenols and 
aldehydes are avoided by this method. For example Krahnke and 
coworkers 56 obtained phenol acetals from u-keto aldehydes (equa- 
tiGn 11). 

B r  

a-Halo ethers are veiy frequently used for the introduction of an 
acetal linkage i.1 carbohydrate chemistry 57* 58.  

3. %ransaceta! ization 
An alkoxy exchange cccurs in a mixture of acetal and alcohol in the 

presence of acids (equation 12). This reaction was already known in 
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the last centurys9, but a thorough examination has only been made in 
recent years. A kinetic studyso showed that the reaction is of first order 
both for the acid and for the acetal, and that it is independent of the 
alcohol concentration, as required for a rate-determining cation forma- 
tion followed by rapid alcohol addition (equation 13). A study of the 

OEt OEt 
/ / 

\+ \ 
CH3---CH F CH,CHLOEt => CH3-CH (13) 

OMe O E t  
H 

/ / 

\+ \ 
CH3---CH F CH,CHLOEt => CH3-CH (13) 

OMe O E t  
H 

equilibrium position showed that dimethyl acetal and methyl ethyl 
acetal are energetically equivalent ( K  = 1-01>. Dkthyl acetal is 
enerSellcally less favored than methyl ethyl acetal ( K  = 4.54). This 
fact is not surprising, since diethyl acetals hydrolyze much faster than 
the corresponding methyl acetals. 34. 

I n  a mixture of two symmetric ketais of the same ketone an equili- 
brium mixture is formed with the mixed ketal (equation 14)61. The 

CH3 OMe CH3 OCH2CH=CH2 CH, OMe 

+ ‘c’ \C’ (14) ‘C/ 
H+ 

-> 
/ \  

CH, OCH,CH=CH, 
/ \  / ‘\ 

CH3 OM€ CH3 OCH2CH=CH2 

mixture of dimethosypropane and dipropoxycyclohexane contains at 
equilibriuin all six possible ketals 81. 

The use of transacetalization for preparative purposes is mainly a 
problem of distillation. The addition of aE inert solvent, such as benzene, 
which gives an azeoiiopic niivture with the alcohoi to be rcmoved is 
useful. Asymmetric ketals WCFC obtained in yields up to 30-50% by 
Lorette and Howard6’ from ketal and one mole of higher alcohol. 
The synthesis of symmetric ketals is even simpler, since here only the 
lowest-boiling alcohol has to be completely rernovcd from the cquili- 
brium mixture. Acetone dibutyl ketal was obtained in 827k yield h l i 1  

dimethyl ketal and acetone diallyl ketal in 75% yield6’. By careful 
conrrol of conditions transacetalization can be carried out without 
causiiig transesterification 62 when an ester group is present in the 
molecule. Ketals of secondary alcohols may also be synthcsizcd by 
alkoxy exchange6’. I t  is also pcssible to form the starting ketal in the 
reaction mixture itsCifGi. 

Traiisacetalization is also important for synthcsis of cyclic acetals. 
Side-reactions occurring with aldehydes can be prevented by using an 

1 1 + C.E.L. 
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acetal. The transacetalization of halogenatcd acetals with glycol was 
used by McElvain and Curly (equation 15) 39. Acetals of glycerine 
were successfully synthesized by Piantadosi and coworkers c3. 

4. Acetals from alkynes 
Under conditions similar to those necessary for the hydration of 

alkynes to form carbonyl compounds, ketals and acetals are formed 
R OEt 

'C' (16) 
BF,/H@ 

R - k C H  f 2 EtOH A 

/ \  
CH3 OEt 

with alcohols (equation 16). A boron trifluoride-mercuric oxide cata- 
l y ~ t ~ ~ . ~ ~  is used as a rdc. 

5. Addition of alcohols to a,P-unsaturated ethers 
The proton addition to a,/hnsaturated ethers yields an aLkoxy 

carboniuni ion (ZZ), which in the presence of alcoliol forms an acetai 
(equation 17). 

OR" 
+ 

j i7)  
tl + WOH / 

CH2=CHOR1 _i CI-+3-CkI=:OR' w Cii3CH 

'OR' 
(22) 

Reppe added alcohols to vinyl ethers in the presence of acids ; vinyl 
ethers are easy to obtain on an industrial scale from acetylene and 
alcohols. Phenols may be added as well5". Both symmetric and 
asymmetric acetals were obtained. 

The addition of alcohols to dihydropyrzne (equation 18) discovered 
by Paul6' was used to provide a reversible protecting group for an 
alcohol. 
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Positive halogcii sources may lead, by addition to a vinyl ether, to 
an alkoxy carbonium ion and further to the formation of acetal 
(equation 19) 68. 

ZI R’ 
+ 

(19) 
r-BuOCI R W H  / 

CHz=CHOR’ CICH2-CH-OR1 - CICH2-CH 
\ 
\ 
0 R1 

The base-catalyzed addition of an alcohol to the carbon--carbon 
double bond proceeds through a carbanionic mechanism. I t  is suc- 
cessful only in the presence of substituents (e.g. --SO,R, -CO-) 
which stabilize the carbanion, as in equation (20) 69. 

EtO EtG CHCOOEt EtO CH2-COOEt 

(20) 
t++ -\/ 

__3 

/ \  
E t O  CH, 

‘c’ 
E*o- 

C=CHCOOEt - t \ 
/ / \  

Eta CH, CH:, 

C. Reetalizotion in Bssic Media 
VVhi!e thc acetal syntheses described above proceed via afi-oxy 

carboriium ions, acetal syntheses are also known in which the anion of 
the hemiacetal is alkylated. Schmitz 7o allrylated aldehydes which tend 
to form a herniacetal with diincL!iyl sulfatc and sodium hydroxide 
(equation 21). For example the three ritrobenzaldehydes wcre 
coiiverted into dimethyl acetals iii yields of about 85%. 

Kuhii and Trisch71 methylated benzil, ninhicirine and phen- 
anthrenequinone to the corresponding monoketals with methyl iodide 
and baiiuni oxide in ciirnefiylforrnarnide. This reaction was also 
ilmited to electron-poor carbonyl groups. 

Especially useful is the procedurc wiih polyhalogenarcd carbonyl 
c3qounds,  which build hemiacetals easily aiid which cannot be 
zcetalizcd in acid media. Simmons and M ’ i i e ~ r ~ ~  obtained, 
for example, the nixed ketal from the ethyl hemiacetal of 
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tetrafluorodicliloroacetone (24) with dimethyl sulfate 2nd potassium 
carbonate (equation 22). 

A special case of acetal formation in basic media is the weiI-known 
? . c k z ~  ef itkoholates on cc-halocaihnyl compounds 72.  73. Accordilig 'to 
equation (23) the reaction proceeds through addition of a methoxy 
group to the carbonyl group followed by intramolecular alkylation to 
yield the alkoxy epoxidc (2.5). 

R CH&I R CF2 

\C/ -> 
MeO-  

R-CO-CH,CI + 
0- Me0 / \  

M e 0  
(25) 

The formation of larger rhgs was observcd in rare cases only. 
IGechc and Schmitz obtained 1-eihosy isochroman (equation 24j 
from 2-p-bromoethylbenzaldehyde (26) in ethanol in the presence of 
pyridinc 74. 

Pyridine 

O E t  
(28) 

D. Syntheses of Acetais from Orthoesters 

Acetais cail be obtained by nucleophilic substitution of one of the 
a1kor.t)- groups of orthoesters. In almost all cases described ortho- 

Acetals are obtained, for example, fi-om Grignard reagents and 
orthoformates (equation 25) 75. The Reformatsky reaction leads, 
according to equation (26), to acetals7'j. 

kiiila'ies tver.e used. 
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OEt 
/ 

h'C(Oft)J + RMgl --+ R-CH' 

325 

(25j 
\ 

OEt 

EtO 

CHCH,COOR (26) 
\ 

HC(OEt), + Zn + BrCH2COOP. - 
/ 

EtO 

Addition of orthoesters to vinyl ethers in the presence of Friedel- 
Crafts catalysts was ncl-rieved even at low temperatures, and acetals of 
dicarbonyl compounds were obtained (equation 27) 77. Ketene and 

M e 0  OMe 
/ 

/ \ 
(27) CH-CHZ-CH 

BFJ \ 
HC(OMe), -t- CH2=CH3Me 

@Me Me0 

orthoformate give, in the presence of zim chloride, 3,3-diethoxy- 
propionic. acid ethyl ester (equaticin 28) 

EtO 
ZnCI, \ 

/ 
HC(OEt)3 + HnC=C=O * CHCH,CCOEt 

EtO 

Even ai.kyces acid to orthoformates, in the presence of catzlysts like 
zinc chloride, to form alkynyi-substituted acetals (equation 29) 79. 

OEt 
ZnCI, / 

\ 
HC(0Et)j + CGHSkCH * CeHSCGCCH (29) 

OEt 

Diisobutylaluminum hydride hydrogenates ethyl orthobenzoate to the 
acetal (equation 30) 80. 

OEt 
/ 
\ 

C,H,C(OEt), + (i-Bu),AIH - > C&CH (30) 

OEt 

Propionaldehyde diethyl acetal is formed in 94% yield from ortho- 
formate, carbon monoxide and hydroger, in the j?re.senze of dicobalt- 
octacarbonyl at 200" under pressures1. 
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E. Furoher Methods 

The exchange of halogen for an alkoxy group in gem-dihalo com- 
pounds (equation 31) is of interest only in cases where no elimina- 
tion is possible*”. An example is the preparaticn of benzophenone 
ketal 83. 

Acetals of benzaldehyde and benzophenone may be 3btained in 
good yields by electrolysis of a-methoxyphenyl- and a-methoxyli- 
phenylacetic acid in methano! or ethanol (equation 32) 

COOH OMe 

(C6H3zC\ OMe OMe 

/. 

\ 
_i (crJ-I6),c (32) 

/ 

Simple quinone acctals were also obtained recenriy by ekctrolysis. 
For esrimple quinone tetramethyl ketal (57) resulted fiom electro- 
lysis of hydroquinone diniethyl ether in methanolic potassium 
hydroxideo5. The synthesis of compounds containing the quinone 
kctal configuradoii was previously kmwn o d y  in some complicatc:-;l 
cases, e.g. froin o-quinones and aliphatic diazo compoundsa8 or from 
tocopherol by oxidation in alcohol87. 

Tile addition producLs of alcoholates and alkyl picrates, described 
by Meisenheimer oa, were believed to he acctals (28). 

The 1,4-addition of vinyl ethers to a,p-unsatwated carbonyl com- 
pounds leads to acetals as well; En example is 2ga3. The formation of 
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a-amidinoketo acetals (equation 33) was obseived on decomposition 
of the azide 30 followed by treatment with mcthanolSo. I t  was pro- 
posed to use this reaction as a preparative method. 

y 5  

IV. PROPERTIES O F  ACETALS 

Acetals of low molecular weight formed fiom aliphatic components 
are colorless liquids with flower-like or fruit-lil<e smells. Higher sub- 
stituted cyclic acetals often give a peppermint-camphor-like smell. 
Some acerals are used in the perfume industryg1. Acetals are also used 
as solvents. 

The acetal group is of techmica1 importance in some polymersg2, for 
instance in polyvinyl acetalsgl. The gse of vinyl ketals as monomers in 
polyiieiizatioii 93 was considered. 

The cheniical analysis of acetals is based almost in all cases on their 
hydrolysis to the carbonyl compound and alcohol, followed by the 
analytical determination of the latter 94. 

-4cetals and herniacetals do not absorb in the customarily used 
ultraviolet region, and this fact was used to determine the equilibrium 
pxiticn s f  heriaceta! fixmation lo. The disappearance of the opdcai 
rotatory dispersior- of the carbonyl group during acetal forniation 
was also used for concentration measurements 26. 

Th? infrared spectra of acetals show several strong bands in the 
unspecific, single-bond region (1050-1200 C L X - ~ ) ,  in which ethers and 
alcoho!s also absorbg5. The complete assignment of the bands of 
1,3-diosolans 96 made possible a partial assignment of the spectral 
bands of 3,4-O-isopropylidene ketals of sugar alcohols. Briigel and 
Osterg7 pointed out a band at 2820-2830 cm-l, which was observed 
to recur in the spectra of fifteen open-chain acetals. 

Detailed ex2r;linations of infrared and Rainan spectra of formalde- 
hyde diiiiediyl acetai and its deuterated derivatives were recently 
described by Nukadag6. Xost of the bands could be assigned. 

Nuclear magnetic resonance spectra showed a shift in thc T value of 
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acetone (7-90) on transition to diinethyl ketal (8.8251 ". T values of 
acetalic methoxy protons were measured for sugar derivatives loo. The 
protons of equatorial inethoxy groups of 1 -methoxypyranoses absorb at 
T = 6-68-6.70, those in the axial position at 6.84-6-88. The single 
peak of thc niethoxy proton of kctal 31 (T = 6.85) at loo", splits at 

-.Yo into two signals, at  T = 6-50 and T = 7.22. The noiiplanar con- 
formation of the seven-membered ring becomes at the low temperature 
stable enough to malie the differcilt chemical ecvironment of the two 
methoxy groups obseivable lol. 

The chemical shift of the methylenz go"p of formaldchyde acetals 
was examined by many authors. Nukada and coworkerslo2 found 
values fir fivc aliphatic acctals of formaldehyde in the region of 
'T = 5.18-5.59. The value fonnd for 1,3-dioxane was 5 -  18 lo3. Extensive 
material was coiripiied by Crabb';< in cormection with 2 study on 
the ring size of cyclic formaldehyde acetal groups in delphinium alka- 
loids. He found. T vaiues between 4.89 and 5.42. The coupling con- 
stants were 0-2 cycles/sec for iive-membered rings and about 6 cycles/ 
sec for six-membered rings. 

Data on 170 nuclear magnetic resonance of acetals are also avail- 

Examination of the bebavior of acetals in a mass spectrometer was 
made on sugar derivatives. The derivative 32 of glucopyranose tetra- 
acetate eliminates the niethoxy group preferentidy in consequence of 
the cation-stabilizing ability of the ring oxygen lC6. The 2,2-dimethyl- 
1,3-dioxolan group (33) is useful in mass spectroscopy for the same 
reason, since the elimination of a ineihy-1 group is favored. The result- 
ing cation 34 is again resonance stabilizedlo7. The tendcncy of the 

able 105. 
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ketal group to cleave next to the original carbonyl group (equation 34) 
was retained also with ketals of 3 - 0 ~ ~  steroids108. In SOEX twznty 

ketals which were examined further fragmentation was found to be 
quite imdependent of additional substituents in the A ring. 

V. REACTIONS OF ACETAL!; 
A. .ka tds  CIS Peatcxtbe Ciaups 

One of the characteristics of acetals is the sharp contrast between 
their practically unlimited stability in basic media and their extra- 
ordinary reactivity in acid media. An alltoxy group is a leaviag group 
only if it is protonated or coordinated with a Lewis acid. The acetals 
are therefore resistant to bases and cucleophilic agents. 

Aldehydes and alcohols are very sensitive to oxidizir?g agents in 
alkaiine media. Aldehydes may be either attacked by an appropriate 
oxidizing agent at the carbonyl group, losing a hydrogen atom sub- 
sequently, or they may add a hydroxyl ion, in whic!~ case the hydrogen 
becomes available as a hydride. In  the deprotonated form alcohois are 
pariicdarly susceptible to electrophilic attacks. The same holds for 
deprotonated kctoiizs. By coiiversion hito an acetal, aldehydes, 
ketones and alcohols lose practically all their sensitivity to two-electron 
oxidation. In the absence of protons and Lewis acids acetals are as 
unreactive as ethers. After subjecting acetals to the most drastic con- 
ditions in alkaline media without destroying the acetal group, it is 
possible to reiider them extremely reactive by changing the environ- 
ment. A ketal which is stable towards strong alkali at  200" can be 
cleaved ir- a fraction of a second at roam temperature by a 1~ acid. 
Acetalization is therefore a nearly ideal way of protecting alcohols, 
aldehydes and ketones. 

A few examples will illustrate the drzstic conditions under which 
acetals are stable. 

Acetal groups are not affected by heating with diluted sodium 
hydroxide, as in the saporiXcation of an ester group in the same 

l i *  
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moIeculelo9. The acetal group of 35 was not affected by boiling for 
20 hours with 25% potassium hydroxidc ; iliese cmditions resulted in 
the cleavage of the amido groupl'O. 

In the synthcsis of ribo-oligo nuclcotides it is possible to protect the 
2'-hydroxy group by acetalization with dihydropyran. Ai1;alinc ester 
cleavage can subsequently be carried out lL1. During conversion of the 
cyano group of 36 into the methyl group, the ketal group was resistant 

to lithium aluminum hydride reduction as well as to subsequent 
FVolff-Kishner reaction of the aldehyde hydrazonc with potassium 
hydroside in triethylene glycol at  2 10-220" Il2. 

By heating acetals of c-halo aldehydes in aqueous or cthanolic alkali 
i i  is possible to substitute a hydrosyl group for the halogen113. The 
halogen may also be exchanged for an alkoxy group. The acetal group 
of 37 is not affected, although the reactioii is carried out at  140" ll*. 

OEt OEt OEt 
/ EtONa /' C-BuOK / 

\ \ \ 
EtOCH2-CH <- BrCH2-Ci-I - > H2C=C (35) 

OEt OEt Oit  
(3s) #--) 

\at ,  

The acetal group also stays intact during the elimination orhydrogen 
bromide by potassium 2-butoxide when ketene acetals (38) are ob- 
tained (equation 35) ll'. A four-membered ring, containing sulfur (40), 
results froix the dibromoketal 39 on treatment with sodium sulfide at 
15G" l16. The compouxl41 can be metalated by butyliithium.117 
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Acetal groups in alkaline media are resistant to the strongest reduc- 
ir~g agents. For example the reduction of an azide to an amine or the 
dcbenzylation of a benzyl thioether with sodium in liquid ammonia 
can be carried out without affecting the acetal groups present118. 
Catalytic hydrogenation of a nitro group under hydrogen pressure of 
115 atn1119, reduction of ;I nitrile group with Ethkm aluminum 
hydridc in boiling tetrahydrofuran l ? O  and an ester reduction with 
lithium aluminum hydride lZ1 wcrc carried out without attacking the 
aretal groups present. 

Acetal groups also servc as protective groups during oxidation, even 
with very strong oxidants. The secondary alcohol group iiz 49 ., was 
exidized to i? keco grorrp by a chromium tricxide-pyridine comples 122. 

In one of the stages in the synthesis of ascorbic acid, the pi-irnary 
aicoliol group of compound 43 was oxidized to a carboxyl group by 
potassium permanganate in alkaline solution 123. 

Somc cxamplcs from the recent litcrature indicate the limits of the 
stability of acetals. Schmidt and Grafenl"* were able to hydrogenate 
the acetal group in 44 to an ethcr (equation 36) by catalytic hydro- 
gemtion under very drastic conditions (190", 200 atm hydrogen 
pressure, 8 hours). 

(~'le3),CIifl~Otl(CH~),COOEt -> MeOCH,CHGH(CI-(2),COOEt (36) 

(44 

References to hrthcr cases of hydrogenation of acetals to ethers or 
evcn LO hydrocarbons were given by Howard and Acetals 
are atracked under veiy drastic conditinns by Grignard reagents. The 
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action of methylmagnzsium iodide on cyclic ketals for 16 hours at 75" 
yields glycol monocthers (equation 37a) 126. 

A drastic electrophilic attack or: an acetal may be successful. 
I ,S-I>ior;olane (45) with p-chloropher,yldiazonium chloride yields the 
hydroxy compound P 6 l Z 7  and with ozone it forms glycol carbonate 
(47) (reaction 37b) 128. 

B. N ydrodysis of A c ~ ~ Q ~ s  
Acetal formation is reversible, and all acetals can be cleaved to 

their constituent carbonyl compounds and alcohols in the presence of 
water and acid. In preponderantly aqueous solutions, because of the 
unl'avorable position of the equilibrium, there remains practically no 
acetal in the mixture. 

At present it is known that no alkyl-oxygen clcavage occurs during 
acetal hydrolysis129. The mechanism of acetal hydrolysis is not con- 
troversial. It is the reverse of the acetal formation (equation 3) going 
through proconation and cation formation (equation 33). The reaction 
is specifically proton 130 catalyzed, with the rate-determining step 
being the forniation of cation 22 from the conjugated acid of the acetal. 

11 
R' OEt R' OEt 

R2 ' 'OEt R2 OEt 

+ H+ 
'\ /' \/+ - -> 
t <- C 
-i+ / \ 

(35) 
R' R' OH R' 

\ 4  C-OEt, 'c' - \ 
-> C=O+EtCH 

/' \ / 
P3 OEt R" 

/ 
R Z  

(2f) 
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Since the acid concentration remains constant during the acetal 
hydrolysis, the overall reaction appcars to be first order with the rate 
coefficient being proportima1 to the hydrogen ion concentration in 
weakly acid solutions. In stronger acids dcpendcncc on H, is 
observed 45. 

The relatively fast cleavage of acetals is niade possible by the ability 
of cation formation on carbon, facilitated by the neighboring oxygen. 
The stability of these cations is also demonstrated by the fact that acctal 
cleavage is not accompanicd by skeletal rearrangements. Thc hydro- 
lysis of the lcetaI of camphor exclusively yields camphor 131. 

The influence cjf substituents present on the carbonyl carbon is 
large. Already Skrabal and Z l a t e ~ v a ~ ~  have found that the rates of 
hydrolysis of pentaerythritol acetah of formaldehyde, acetaldehyde 
arld acetone are in thc ratio 1 : 6000: 10000000. The extent and 
direction of substituent effects correspond to a typical SNi reaction. 

Kreevoy and Taft 133 investigated the influence of substituents in 
the carbonyl component. The results are shown in Table 3. 

TABLE 3. Hydrolysis of dicthyl acetals of some carbonyl compounds in dioxanc 
water (! : 1 )  at 25". 

Hydrolysis of acetals Carbonyl compound ~ 

k(sec- log k/kob '3 (scc)c 

Acetone 750 ( =ko) 0.000 0.00 1 
Atetddehyde 0.248 - 3.482 2.8 
Formaldehyde 0.00004 13 - 7.26 16,800 
Chloroacetaldehyde 0.0000 103 - 7.863 67,300 
Crotonaldehyde 298 - 0.4 0.002 
Benzaldehyde 7-07 - 2.026 0.1 

a Pate cotficicnts k at pH = 0. 
b Logarithms of the ratio of thc rate coeficirnts, with acctonc dic:hyl ketal M rcfcrcnce. 
C Half-livcS. 

The following rules caii be deduced from the observed facts: the 
rate is !lot influenced sterically ; the possibility of resonance-stabiliza- 
tion drasticaiiy enhances the cation formation and hence the hydro- 
lysis, e.g. an e$-double bond increases the rate by a factor of lo3 
(acetaldehyde-crotonaldehyde) ; polar and hyperconjugation effects, 
which idhence the reaction independently, are both very important. 
The polar effects fit the Taft equation132* 133. The hyperconjugation 
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effccts of the hytirogen atoms bound to the carbon atom adjacent to 
the carbonyl group are additive. Each hydrogcn atom in that position 
accelerates the hydrolysis of the acetal by a factor of 

The transition from dimethyl acetals to diethyl and diisopropyl 
acetals accelerates the hydrolysis by approximately one order of 
magnitude in each case : for the acetzls of Ebrmaldchy-de in I N  acid the 
rate  coefficient^^^ are 25.5 x and 1205 x 10-8sec-1, 
respectively. 

The cleavage of cyclic acctals is markedly slower than that of open- 
chain ones. Formaldehyde pentaerythritol acetal hydrolyses are slower 
by a factor of lo4 than formaldehyde dicthyl aceta132. The reasons for 
the slower hydrolysis of cyclic ,acctals are possibly of stcreoelectronic 
character. A smooth hydrolysis demands parallel oricntation of the 
C-Q bond to be cleaved with thc assisting lone pair of electrons of 
the unprotonated osygen. An extremely slow hydrolysis of rigid 
acetaiic systems was oL*casional!y observed 13:- 135. 

The quantitative data may be supplcmented by some qualitative 
cbservations. Even slower than the hydrolysis of acetals studied by 
Kreevoy and Taft is the cleavage of a-carbonyl a ~ e t a l s l ~ ~ .  The 
cleavage of polyhalogenated acetals and ketals is still slower and they 
are frequently stable tclwards strong mineral acids wen above 

In acetal cieavage for prcprative purposes it should be considcrcd 
that the products may undergo secondary reactions i:nder the influ- 
ence of the acid present or that d i e r  groups in the molecule may also 
react. Most 'tricks' for the careful hydrolysis of acetals consist of not 
ming either a higher temperature, a longer reaction time or a 
stronger acid than is strictly necessary. 

The -howledge of the rates of hydrolysis, which are very often quite 
diiferent for various acetal groups, makes partial cleavages possible. 
Cleavages of Eetals were accomplished without destroying an acetal 
group present13*. An alkyl-srtbstituted ketal was cleaved while a 
chloro-substituted ketal group was not attacked 13g. An +unsaturated 
ketal could be selectively hydrolyzed in the presence of a saturated 

217 x 

1000 30.137. 

one 48. 

C. AdditionsS Reactions of Acetals via a-AIkoxy Carbonium Ions 

Most reactions of acetals are formulated via c-alkoxy carboxliuni 
i ~ n ~  (22). This formulation is justified since most of the reactions dis- 
cussed in the present section are subject to the same influences of 



7. Acctals and Hemiacetals 335 

substituents as is the hydrolysis of acetals. Additional support for the 
assumption of cationic intermediates is given by the recent work of 
Meewein and coworkers ; they succeeded in synthesizing stable 
u-alkosy carbonium ions, such as 48 and 49. The salts werc. formed 
from acetals with boron trifluoride or antimony pentachloride 60.  

1. Exchange of alkoxy groups with preservation of perninal groups 
an carbon 
I ne exchange ofan alkosy group in acetais for some other functional 

g r o ~ p  is not limited to the transacetalization. Acyl groups, haiogens 
or sulfur-contzininz giGUpS may be substituted for the alcohol. For 
example Exner obtaiiied a dioxazole derivative (50) by treating 
benzophenone ketal with benzohydroxamic acid under acid catalysis 
(equation 39) I4O. Rieche 2nd B i s ~ h o K l ~ ~  describcd the exchange 

m.. 

C H  G 5, ,oEt C6l45 0~~ 
'\ -/ c + CGHS-CO-NHOH + L II 

CGH/ '0-4 (39) 
C,Hs 

CsHf b E t  

(50) 

of alkoxy by peroxide groups. Propionaldehyde diethyl acetal and 
ecanthaldehydc diethy1 acetal exchanged an ethoxy group on heating 
to 80" for 8 to 12 hours with t-butylhydroperoxide (equation 40). 

OEt OE'i 

(40) 
/ t-BuOOH / 

\ \ 
CGH ,,-CH -- CSHIJ-CH 

OO(t- BU) OEt 

Exchange also took place with hydrogen peroxide (equation 41) 14'. 

OEt OEt 
/ HDGZ / 

\ 
CHa-CH - > CHa-CH 

600 
OEt 'OOH 

(a;) 
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Reactions of acetals with peracetic acid under acid catalysis give good 
yields of esters143. The reaction is particularly smooth if the alkoxy 
exchange is facilitated by appropriate suhstituents, such as phenyl; 

~ postulation of an a-alkoxy perester intermediate this leads to the 
(equation 42). 

OEt 
/ 
\ 

CZHG-CH 

OEt 

C2H, OEt 

\c/ ___j CZHSCOOEt (4.2) 
CIi,COOOH 
____f 

OOCOCHJ 
/ \  

H 

Cyclic acetals are more resistant to alkoxyl cleavage, and under the 
influence of peracids may undergo epoxidation at an a,p-double 

The exchange of an alkoxyl group for an acyloxy group (discovered 
bond 144. 

by Slaisen) takes place, for example, on he2tin.g 
diethyl acetal to 150" with acetic anhydride (equation 

acetaldehyde 
43) 145. It was 

OEt OEt 
/ (R2CO)20 / 

R'-CH > R'-CH (43) 

'OR 'OCORz 

found later that the reaction zlso takes place under much milder con- 
ditions if acid catalysis are present146. 

It is assumed that acylation is an intermediate step in the well 
k n ~ ~ n ~ ~ ~  conversion of acetals into a-halo ethers, using acid chlorides. 
EIunig14g formulates the reaction through the reversible addition of 
the acid chloride (equation 44j. The adduct 51 decoiiipGses into the 
ester and cation. The formation of thc ester according to equation (44) 

0 R1 
/ 
\.. i 

I 

(51) 

0 R1 H2C 

OR' __j 
,- 

/ 

\ 
H,C' + R'COCI 7. 

0 R1 R2C0 

0 R1 

was used to characterize the alcoholic components of acetals 149 ; 
3,5-ciinitrobenzoyl chloride with acetals yields the 3,5-dinitrober,zoaies 
of the corresponding alcohols. 
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Mercaptans displace alcohols from most acetals, even from the 
relativcly stable glycol acetals. Acetaldehyde glycol acetal was con- 
verted in 64% yield into the mercaptal on heating with thiophenol at  
120-130" for several hours (equation 45) 150. 

2. Formation of a,P-unszturated ethers from acetals 
When no other reactions are possible a-alkoxy carbonium ions lose 

a proton and form an a,/3-unsaturated ether (equation 4.6). With 
increasing temperature the equilibrium shifts to the side of the 
eiiminarion product. 

Data 011 tE.e dependence between the formation 01" unsaturated 
ethers and structure are in good agreement with the assumption that 
the tendency for cation formation is decisive for cliniination : ketals are 
more prone to elimination than acetals, and ketals of secondary 
alcohols more than ketals ot^prir;lary alcohols. In the case of ketals of 
secondaiy alcohols 2n equilibrium cif ketal, alcohol ai?d unsaturated 
ether is detectable in the presence of acids even at room tempera- 
ture 125. Kctals of primaiy alcohols may be preparatively converted 
into a$-unsaturated ethers by fractional distillation in the presence of 
8-toluenesuIfoocic acid IS1. Alcohol and ether are continuously removed 
From the mivture and their recombination does not occur ir. the 
absence of acid. For example keta!s of methyl ketones with six to eight 
carbon atoms formed the unsaturated ethers in yields of 80-90y0. 

Acetals of aldehydes do not react under the same conditions. All 
preparztive procedures to obtain vinyl ethers from acetals therclrore 
use higher temperatures, almost always in gaseous phase and in the 
presence of catalysts. For example copper sulfate-active charcoal 
cataiyst was used at  260-330" cnder reduced pressure 152. Other 
zuthors uscd platinum on asbestos at 280-290" 153 or kaolin on 
asbestos at 340-350" 154. 
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Catalytic procedures also make possible the form ation of dialkoxy 
ethylenes from trialkoxy ethanes (equation 47) 155. 

OEt 
/ ALO, 

EtOCHZ-CH EtOCH=CHOEt (47) 
190" 

\OEt 

5. Reactions of acetals with C--6 bond formation 
Acetals easily form the a-alkoxy carbonium ion, whicli is an electro- 

philic entity, w h 3 ~  the. vin.y! ether resulting from the deprotonation 
of the latter is a nucleoFhile. In a series of' reactions in which C--C 
bond formation between nucleophilic and electrophilic components 
occurs, one or both reactants may be derived from acetals in the manner 
described above. 

One example is the formntion of /3-alkoxy acetals on heating acetals 
with Lewis acid (equation 48). Paul and T~hel i tchef f '~~  obtained 
1 1 ,?-tricthcz-+butane (52) by hezting acetaldehyde diethyl acetal 
with boron trifluoi-ide fc-r one hour to 100". The yield was only 10%. 
Similar resuits were obtained with butyraldehyde acetals. 

09 CH, OEt 

(48) 
/ 

/ \ 

(52) 

CH-CHZ-CH 
F3 \ 

2CH3-Ck - > 

OEt \OEt EtO 

'The reaction of acetals with vinyl ethers is ifiuch. easier. In  the 
presence of boron trifluoiide the addition to /3-alkoxy acetals (53) 
occurs alreaciy uliider very mild conditions 157. Hoaglin and i I i r~ch '~*  
proved that the reaction proceeds via an alkoxy carbonium ion (54) 
which adds to the vinyl ether (reaction 49). 

OEt R OEt 
B F3 + CH,-CHOEt \ / 

/ \ 
> R--CH-OEt - CH-CHZ-CH (49) 

/ 

\ 
I?-CH - 

OEt OEt EtO 

(54)  (53) 

Yields of 60-70% were obtained from acetals of acetaldehyde or 
batyraldehyde with vinyl ethers derived fiom simple aldehydes 158. 

The resulting alkoxy acetals (53) are easily cleawed to aldehydes, 
which by eiimination of alcohol yield a,P-unsaturated aldehydes. 
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This reaction is in effect an aldol condensation, but with obvious 
advantages : instead of four unsaturated aldehydes expected from 
aldolization of two different aldehydes, acetal and viiiyl ether yield a 
single one. 

The exchaiige of an aldehyde entity between vinyl ethers and 
acetals is quite unimportant under mild reaction conditions. O n  the 
other hand both starting materials should contain the same alkoxy 
group since alkoxy exchange is possible 158. The addition product (53) 
is still an acetal and the addition of another molecule of vinyl ether is 
possible158. In  one very important application of this reaction, in the 
syntlmis of polyenes, this hrtlier addition is ilot very significant. The 
starting material in this case is usually an cr$-unsaturated acetal (55) 
which reacts under milder conditions than the aceta! 56, obtained by 

0 Rz OR2 
/ 

R1CH=CH--CH-CH2-CH 
/ 

RICH=CH-CH 

‘OR” 0 I Ra ‘OR1 
(55) (56) 

addition. ‘The reaction was used in the synthesis of vitamin A’59 and 
later in the technical spthesis of carotene 160. 

The cr-alkoxy carbonium ion attacks other electron-iich groups as 
wcli, forming C--C bonds. In thc presence of boron trilluoride acctals 
add to ketcne (equation 50) 78. 

/ 
\ 

OPie 

(50) CH, + CH,=G=O -- P‘rPOCH2CH,COOMe 

ONe (57) 

Acctals of formzldehyde, acetaldehyde, benzaldehyde and phenyl- 
aceta1dehyd.e werc used in the reaction and formed esters of the corres- 
pmding /3-alkoxy carboxylic acids (57) in 30-80% yield. 

Schonberg and Praefcke recently observed that acetzls react with 
diazoacetic ester in the presence cf Lewis acids (equztion 51) lG1. The 
c-aikoxy carbopii-im ion obviously adds to the diazoacctic ester to 
form 58, Mhich then gives a stable a7/3-dia!koxycarboxy1ic ester (59) 

+ -  
CH,-CH~Ott -; N=N-CH-COOEt + 

CHS-CH-CH-COOEt + CH3-CH-CH-COOEt (51) 
I I  OEt I A E t  

OE? NEN + 
(58) (59) 
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by elimination of nitrogen. Bcnzaldehyde diethyl acetal reacted in 79% 
yield. 

I n  some recently described condensations of steroids the nucleo- 
philic component originated from acetals. An acetyl group in position 
two was introduced to cholestan-3-one ethylene ketal (60) under the 

I 
AcG C H2-C Hz 

influence of acetic anhydride and boron trifiuoride (equation 52j le2, 

probably through attack on the enol ether formed as an inteimediate. 
Vilsmeier’s reagent leads to the corresponding formyl compounds 163. 

4. Transition of acetals into ethers 

The resistance of acetals to reduction disappears if the oxygen be- 
comes positively charsed, eithcr by addition of a proton or a Lewis 
acid. Thus acetals react easily with lithium aluminum hydride in the 
presence of aluminurn chloride and yicld ethcrs (equation 53). 
Acetals of benzaldehyde, acetophenone, acetone and cyclohexanone 
were hydrogcnated to ethers in yields of 70-90% IG*. 

OEt 

In thc presence of n trace of concentrated hydrochloric acid ketals 
can be catalytically hydrogenated125. The hydrogenation of ketals of 
secondary alcohols is particularly easy. Benzaldehyde diethyl acetal 
imay be reduced to benzyl ethyl ether with decahorane165 (equation 
54). 

OEt 
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Acetals may also be reduced with diisobutylaluminum hydride. At 
reaction temperatures of 70-80" acctals of propionalclehyde, isobutyr- 
ddehyde and acetophenone formed the cmresponding ethers in yields 
of 80-90% (equation 55) 8 0 .  

OEt 
/ 

\ C2HSCH -f- (i-Bu),AIH + C,HGCHOEt (55) 

Under much more drastic conditions, ccrtain acetals are able to 
undergo reduction by hydride ions originated in the same molecule. 
Rondestvedt and Mantell 166 passed 1,3-diosanes, substitured at C(2), 
and with the C,,, positioii blocked by two alkyl groups (61), at tempera- 
tures of 350-400" over pumice or weakly acid catalysts. A detailed 
examination, in particular of the influence of substituents at C(2) ,  
pointed to cation formation at  thc C,,, atom, followed by intramole- 
cular hydride shift. g-Allroxy aldehydes (62) were obtained in good 
yields (equation 55). 

OEt 

Rieche and Schmitz 16'i observed ether formation from a hemiacetal- 
type compound on heating with sulfL;ric 2cid. 1 -Hydrosyisochroman 
(Ik) formed ether ancl lactone under the iiifluence of 300/, sulfiiric 
acid (equation 57). Thc alkoxy carbonium ion was thus able to 
remove a hydride ion from another molecule. 

5. Radical Reactions of Acetals 
Acetals are relativdy susceptible to radical attack on the C-H 

bond. The formation of radicaI 63, by loss of hydrogcn, occurs 
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selectively on autooxidation. A competing attack on the neighboring 
methylene group occurs on bromination, while competing attack on 
the u positions of the alkoxyl groups takes place with alkyl radicals. 
Various reactions are known in which good yields of derivatives of the 
radical 63 are formed (reaction 58). 

R2 OR1 0 R1 ./ 
-> Ra-C 

I. Brornination of acetals 
While the action of N-bromosuccinimide on acetals of aliphatic 

aldehydes predominantly causes substitution in the rnethylene group 68, 

bromine attacks the acetal group in the absciice of a neighboring 
methylene group. Acetals of benzaldehyde 168-170 and a-keto alde- 
hydes 171 are easily bromkated by N-bromosuccinimide. The unstable 
products of bromination (64) decompose immediately into ester and 
alkyl bromide (equation 59a). 

/ 
\ 

OEt R OEt 

> 'c' + RCOOEt + EtBr (5%) R-CH - 
/ \  

( 6 4  

OEt Br OEt 

Cyclic acetals yield esters of brorninated alcohols, for example 65 
is formed fiom benzaldehyde ethylene acetalleQ. Chlorination of 

C,H,COOCH2CH2Br 
(65) 

cyclic metals of formddchyde gives analogously formic esters of 
chlorinated alcohols (equation 59b) 172* 173. 

+ CICH2CH,0CH0 
O V 0  

(59b) 

Acetais of aidehydes react frequently with oxygen even at room 
ieriipeiature. Terephthalaldehyde tetramethyl acetal can be obtained 
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in a pure form only by recrystallization under nitrogen7'. A com- 
pound with a peroxide structure (66) was first isolated by Criegee 
(reaction 60a) 174. 

O--l 
0 

CH3-<H 0 1 [1x3 0-0 'xOl (6Oa) 

(66) 

Acetal hydroperoxides (67 and 68) were obtained by Rieche and 
Schmitz. These hydroperoxides were farmed from the ethylene 

acetals of benza!dehyde, p-chlorobenzaldehyyde and terephthal- 
aldehyde, as well as from benzylidene compounds lT0 of cis- and tram- 
1,2-cyc!ohexanediol. Autooxidation of cyclic acetals of cr,,f3-unsaturated 
compoun.ds -NU recently investigated 1756 Three types of pscducts 
were isoiated : hyd:-operoxides (SSj , peroxides (70) and spirocyclic 
peroxides (Yl), the latter being rearrangement products of the hydro- 
peroxides, pref'erably formed in the presence of acids (reaction 60b). 
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3. Rzdical attacks try decomposing peroxides 
Kuhn and Wellman 176 decomposed di-t-butyl peroxide in butyr- 

aldehyde diethyl acetal at 120-140”. The acetal 72 was attacked by 
t-butoxy radicals, methyl radicals and also by radicals derived from 
the acetal. The radical attack took place exclusively in the neiglibor- 
hood of an oxygen atom and formed the radicals 73 and 74 (reaction 

OEt P r  OCH2CH, OCHCH3 
20% \/ 72% /’ 

H ’ \OCH2CH3 \ 
(6 1 4  

*,’ 

\ 

(73) (72) (74 

61a). The formation of 28% of 73 and 72% of 74 shows slight pre- 
fcrence lor attack at the single hydrogen of the acetal as compared 
to the four or-hydrogen atoms of the alkoxyl groups. 

The  attack on the acctalic C-€3 bond was followed by cleavage 
into an ethyl radical and ethyl butyrate (equation 61b). The attack on 

Pr-C i- + Pr-CH 

OCHZCHS OEt 

OEt 

+ PrCOOEt -t. E t  
-/ 

PrC 
\ 

(Glb) 

‘OE: 

the akoxyl hydrogen was followed by several competitive reactions. 
The  first step is the cleavage to yield a carhonyl compound (acetalde- 
hyde) and a new radical (Y5) (equation Glc). Subsequently, the 

CCHCH, 

-> CH,CHO + PrCHOEt (6 1 4  
/ 

Pr-CH 

OCHgCHa 
\ (75) 

(74) 

radical 75 either dinierizes to 76, or decomposes to an ethyl radical 
and butyraldehyde or abstracts hydrogcn from a molecule of acetal 
forming butyl ethyl ether (‘77) (equation 62). I n  analogy to equation 

Pr-C H 0 E t 

r> Pr-CHOEt 
(‘iGj 

PrCHOEt 
(77) 

L> PrCHO + E t  
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(57) decomposing peroxide transformcd bcnzaldehyde ethylene 
acetal to ethyl benzoatc (equation 63)  177. Photoactivated acetone 

may act as the initiating radical. Iiiuminating cyclic acetals in acetone 
El2d and Youssefyeh also obtained the isomeric esters 178. 

An addition product of formaldehyde diethyl acetal with rnaleic 
ester was obtained in the presence of decomposing peroxide 
(equation 64) 179. 

OEt CH(OEt), 
/' 1 
\ 

CH, + MeOCOCH=CHCOOMe _j MeOCOCHCH,COOMe (64) 

OEt 

4. Therma! decomposition of acetals 
I t  was recently observed lB0 that acroiein dibutyl acetal (78) under 

nitrogen, in the absence of initiators, polymerizes at 130-150" to a low 
moiecular weight px~oduct containing mainly u ~ i s  cf bt?tyl aciylate 
and acroiein acetal. The polyinerization goes through. radicals since 
hydroquinone acts as an illhibitor. Butanol was found among the 
volatile products. i t  was therefore assumed that the initiation was thc  
radical decompositian shown in equation (.65 j . 

/ 
CHZxCH-CH 

'\ 

O B U  

-> CH~=CH-CHOBU + BuO (65) 

OBu 
(78) (59) 

Though radicals like 79 are easily- formed by hydrogen abstraction, 
the decomposition of 73 into two radicals according to equation (62) is 
surprising. Even if the additional stabilization of radical 79 by the 
double bond is takcn into account, it is to be coiisidered that simple 
acetais decompose niarkedli; ~ n l y  a: about 450" 18'. 
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1. INBWODUCTIQN 

The photochemistry of ethers and related compounds (e.g. epoxides, 
acetals, and hemiacetals) is still a relatively unexplored region. 
Although activity in this field has increased recently, much further 
work remains to be clone and synthetic exploitation is still open to 
investigation. Some work in the carbohydrate field has been pub- 
fished1, and some light-induced reactions of acetals are mentioned in 
patent literature ; however, the photochemistry of acetals and related 
compounds still awaits further research and investigation. 
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I n  photochemical reactions only light which is absorbed by a 
molecule is effective in producing a chemical reaction. This primary 
photochemical process results in an increase in the cnergy content of 
the molecule due to absorption of a photon, and leads to changes in the 
electronic, vibrational, or rotational energies of the molecule. The 
primary process is followed by secondary processes, some of wiiich lead 
to chemically reactive species, such as free radicals. These in turn lead 
to chemical transformations. A number of reviews dealing with the 
theoretical aspects of these processes have appeared ; these aspects 
will therefore not be discussed here. 

Photochemical reacticns are usually divided into two main types : 
(a )  direct light-induced or nonsensitized reactions and (6) photo- 
,sensitized reactions 4 *  5 .  In the first case (a)  light is absorbed directly by 
one of the rezctants which subsequently undzrgocs a chemical reaction. 
In  the second case ( b )  a substance which is added to the system serves 
as a ‘catalyst’, absorbing the light and transferring its excitation 
energy to one of the reactants, which subsequently undergoes a 
chemical reaction (reactions 1,2, and 3). Various impurities present in 

hv 
A A *  

A P + B - - - - f A + B W  (21 

B *  Products (3) 
(A = photosensitizer; B = reactant) 

samples may serve as photosensitizers. I t  should be obvious that in 
sensitized reactions the wavelength of light required to produce a 
chemical reaction will depend on the light absorption of the photo- 
sensitizer and not on the absorption of the reactants. 

Saturated ethers and acctals absorb light a t  wavelengths below 
2000 A6-11. Therefore photorcactions must be induced by light of re- 
latively short wavelength in direct light-induced reactions; however, 
photosensitized reactions can be effected by light of longer wavelength 
through the use of a proper photosensitizer. 

Photochemical reactions, like other chemical reactions, involve 
cleavage and formation of bonds; these processes can be either homo- 
lytic or heterolytic. Both G O  and C-€3 bond cleavages have been 
rcported in phoidyses of ethers and epoxides. Ethers possess a potenti- 
ally reactive G - - H  bond in the a position to the ether 1inkagel2*l3. 
Cleavage of this bond leads to free radicals of tihe type R1CHOR2. 
Such radicals have been fornied by hydrogen atom abstraction from 
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the ether by radicals produced from thermal decomposition of 
peroxides 14* 15. Similar radicals may be produced in photochemical 
processes, either by direct irradiation16q1' or by the use of a photo- 
sensitizer or a photoinitiztor* 18, such as zcetone or benzophenone. 
The ether radicals, once produced, may participate in a variety of 
chemical reactions. I t  might be noted that resonance forms as illus- 
trated by 1 contribute to the stabiiization of ether radicals. It has also 

R ~ O ~ H R ~  --> R G C H R ~  
(1) 

been suggested that the inductive effect of the oxygen in the ether 
molecule facilitates the abstraction of the hydrogen atom from the 
CL position to give the derived a-ether radical12. 

!I. PHOYOCR'EMiCAL REACTIONS OF ETHERS 

A. Photolysis of Ethers and Epoxidcs 
The photolysis of ethers and epoxides with ultraviolet light of short 

wavelength ( < 2000 A) has been reported by a number of groups 19-21. 
The direct photochemical decomposition of ethylene oxide in the 
vapor phase has been reported l9 to yield methane, ethane, hydrogen, 
and carbon monoxide as well as sinall amounts of formaldehyde and 
acetaldehyde. The mercury-sensitized decomposition of the same com- 
poiind at  room temperature has been shownz0 to produce carbon 
monoxide, hydrogen, ethane, traces of ketene and ethylene, and large 
amounts of aldehydes. The mercury-photosensitized decomposition of 
butylene-2,3-oxide 21 at 25" led to ethylene, propylene, acetaldehyde, 
propionaldehyde, isobutyraldehyde, ethyl methyl ketone, methane, 
ethane, czrbon mcncjxide, and hydrogen. 

The pliotolysis oftrimethylene oxide (oxetane) in the gas phzse gave 
ethylene and formaldehyde (reaction 4), wlde tetrahydrofuran led to 
ethylene and acetaidchyde under similar conditions (reaction 5 )  19. The 
stability of these cyclic ethers when exposed. to ultraviolet irradiation 

hu 
C3HGO - > CZH, + HCHO 

h V  

C.IH,O + CZH, 4 CHSCHO 

'3 The termpAoloseiisitiiz,. (or sensitizci) is used in this chapter for a compound 
which initiates a photochemical proccss through light absorption and does not 
undergo a chemical change itself. The term / h / o i n i t i a t o r  is used for a compound 
which undergoes a chemical traiisformation while initiating a photochemical 
reaction. 



356 D. Elad 

from hydrogen discharge lamps showed marked variation with ring 
size. Trimethylene oxide was shown to be very unstable and decom- 
posed relatively rapidly, while tetrahydrofuran was more stable and 
decomposed more slowly. When an oxygen filter, which absorbs at wave- 
lengths below 1750 A, was used the decomposition of tetrahydrofuran, 
while not arrested, proceeded at a markedly slower rate. I t  is of in- 
terest that ethylene oxide has unexpected stability and required the 
greatest enerLgy for excitation. I t  is claimed8 that the lone pair of 
electrons are more involved with the ring and less available either for 
excitation or sharing than in the other ethers. 

The photolysis of aliphatic ethers in the gas phase with light of 
wavelength less than 2000 b has also been studiedzz. Diethyl ether is 
reported to yield ethylene, acetaldehyde, and formaldehyde in sig- 
nificant quantities. The process is in general assumed to yield carbonyl 
compounds accompanied by other products. Aldehydes and ketones 
react further to form ketenes (reaction 6).  The photolysis of dimethyl 

> H-C=C=O (6) 

H R 
hv I I 

I I  
H-C-C=O - 

R R  
( R  = H, alkyl) 

ether gave formaldehyde 22. Ethylene and acetaldehyde which appear 
at a later stage are thought to be produced by secondary processes. 

Vapor-phase photolysis of a variety of oxetanes was studied11. 
Ethylene and formaldehyde were obtained in the photolysis of oxetane 
(reaction 7a) while 2,2-dimethyloxetane (reaction 7b) was cleaved 
in two ways, either to ethylene plus acetone or to formaldehyde plus 
isobutylene. Photolysis of 2-phenyloxetane (reaction 7c) in isooctane 
led to ethylene and formaldehyde together with other products. The 
reaction can be siimmarized by reaction (7). 

R' 

Rl  
I 

I I  
H2C-C-R2 + hr, - 

H,C-0 

/ 
> H,C=O + H,C=C r 'R2 

-I 

I R' \ 
k C==O -j- HPC=Cii2 

/ 

R3" 

((a) R1 = R2 = H ;  
(b) R' = R2 = C H  3, . 
(c) R' = H ;  h' = C8H5) 
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The photolyses of aliphatic and cyclic ethers as well as epoxides in 
solution with light of wavelength greater than 2000A have been 
investigated 16* l'. The photolysis of aliphatic ethers is reported to give 
unidentified products whereas the photolysis of dioxane led to the 
two diastereoisomeric forms of dioxanyldioxane (reaction 8) 16. The 
product results most probably from the dinierization of dioxanyl 
radicals. 

Racemate and meso compound 

The photolysis of epoxides in solution with light of wavelength 
2537 A led to carbon-oxygen bond cleavage1'. I t  has been indicated 
thzt in unsymmetrical epoxides both carbon-oxygen bonds undergo 
homolytic cleavage. Thus, irradiation of propylene oxide gave acetone, 
propionaldehyde, isopropy-1 alcohol, and n-propyl alcohol. Cyclo- 
hexene oxide gave cyclohexanone and cyclohexanol under similar 
conditions, whereas styrene oxide yielded acetophenone, 2-phenyl- 
ethanol, and I-phenylethanol. The sequence of thc photochemical 
decomposition of propylene oxide, which is applicable to the break- 
down or other epoxides, is demonstrated in Scheme 1. 

0' 0' 
hv / .  . /  

z CH3-CH-CH2 4- CHS-CH-CH2 (9) 
/O\ 

CH3-CH-CH2 - 
(2) (3) 

0' 0 
I ./ '\ 

> CH3-CH-CH3 + CH3-C-CH2 (16) 
/O\ 

2 + CHS-CIi-CH2 - 
(4) 

0' 0 OH 
I I/ I 

2 CHZ-CH-CH3 CHaCCH3 + CHaCHCHZ 

0' 
/O\ I 

3 + CH3CH-CH2 CH3CHZCHZ + 4 

0' 
I 

2 CH.3CH2CH2 - > CH3CHZCHO + CHSCHZCHSOH 
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0 p .  
8 + CH3 -CH2 

(5 )  

6 + 5 __t CH3COCHZCH2COCH3 

This sequence of reactions does not constitute the only possible 
mechanism for these reactions. I t  is suggested that the intermydiate 
biradicals formed from the initial cleavages are converted, by sub- 
sequent radical reactions, into alcohols and ketones. Some of the 
intermediate radicals have been found to dimerize and to add to 1- 
octene. The raticj dCo,-0 to C,,)-O bond cleavage was found to be 
about 25: 1 with propylene oxide and about 1 : 1 with styrene oxide 17. 

B. Photolysis of Aromatic Ethers and Aryl Esters 
Photolysis of aromatic ethers or of compounds containing an ether 

linkage attached to the aromatic ring (e.g. aryl esters) usually results 
in rearrangement of the irradiated molecule. This rearrangement in- 
volves cleavage of a carbon-oxygen bond followed by migration of a 
group from the oxygen atom to the arGmatic nucleus; phenolic pro- 
ducts are also obtained. Irradiation of a solutior? of diphenyl ether in 
isopropyl alcohol at room temperature is reported to lead to the forma- 
tion of t-hydroxydiphenyl and phenol (reaction 17) 23. Similariy, 

OH 

benzpl pherql ether gavc p-benzylphenol, whercas irradiation of ally1 
phenyl ether gave equal amounts of p-ailylpllenol and phenol (re- 
action 18). The isomers obtained in these reactions differ from those 
obtained in the nonphotochemical processes. 

Thc photochemical rearrangements of phenoxyacetic acids were 
similzr to those of simple aryl ethers2*. These acids were shown to 
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rearrange to the derived 2-coumaranones and p-hydroxy-phenylacetic 
acids, via migration of the acetic acid residue from the ether oxygen to 
the ortho and para positions of the aromatic ring (reaction 19). The 

((a) R* = R2 = H; 
(b) R’ = H ;  R2 = CHa; 
(c) R’ = R2 = CH3) 

photoinduced Fries rearrangment of aryl esters has been shown to 
yield 0- and p-hydroxyaryl methyl ketones or hydroxyaryl aryl ketones 
(reaction 20) 25. Mixtures of ortho and para isomers were obtained when 

COR 
(R = CH3, CBF!,) 
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both positions in the aromatic ring were Linsubstituted25, while only 
ortlzo isomers were obtained when the para position was blocked 26. The 
high quantum yields observed give this reaction preparative value for 
synthesis of otherwise diGcultly accessible o-hydroxybenzophenones. 

Further examples of this rearrangement were observed in the griseo- 
fiilvin series27.28 and with ethyl phenyl carbonate (reactions 2 1 and 
22) 29. 

Radical mechanisms suggested for these rearrangements involve 
either intramolecular rearrangement 25,  or cleavage to two radicals 
followed by recombination26. Both these mechanisms diifer from the 
mechanism of the usual ’ Fries rearrangement and frequently lead to 
diffcrent products. Further examples of the photo-Fries rearrangement 
have been published recently 30. 

The photoisomerizations of epoxy ketones yielded a variety of 
products 31--34s. Aromatic epoxy ketones were shown to isomcrize 
to ketols 34b, whereas aliphatic ones underwent a rearrangement to 
8-diketones (reactions 23 and 24) 32-34a. Similar reactions in the steroid 

0 0  CH2 0 
hv \ I  1 1  

> RCCH-CCGH, RC-CHCCQH, - / \  I I  
I I 
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0 0  0 CH3 0 
I1 I II hv 

-CH3 --j CGHSC-C-CCH: 
I H 

CH, 

field have been investigated32 and led to the appropriate diketones as 
well as to keto aldehydes. These reactions involvp photoexcitation of 
the carbonyl group which subsequently lead? to the observed products. 

C. Photooxidation of Ethers 
The autooxidation of ethers is a weli-known reaction and has been 

reviewed35. This reaction yields the a-hydroperoxides of the ethers in 
addition to compounds resulting from further reactions of these pro- 
ducts. This oxidation, which can be induced by a variety of reagents, 
is known to be accelerated by light36 and has been to be 
photosensitized by benzophenone to yield the derived a-hydro- 
peroxides (reaction 25). A number of ethers have been converted by 

h7 

Sensitizer; 0. 
R1CH20R2 - RICHOR1 

I 
OOH 

this method into hyclroperoxides. Both aliphatic and alicyclic ethers 
underwent this reaction and this method can be of synthetic utility. 

D. Photoreactions of Ethers with earbonyl Compounds 
L'arbonyl compounds are among the common photosensitizers used 

in organic photo~hemistry~~. These compouncis may also serve as 
photoinitiators in photochemical reactions, e.g. the photoactivated 
carbonyl compound may abstract a hydrogen atom from a donor 5 .  39. 

Ethers can act as hydrogen atom donors in reactions of this type due to 
the reactivity of the a hydrogens in these compounds and lead to 
ether free radicals, which subsequently react with the various species 
present. Thus acetone and benzophenone have been found to react 
with ethers under ultraviolet irradiation to give the derived carbinols 
(reactions 26 and 27)18s3'. The presence of ether free radicals is 

12* 
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further demonstrated by the formation of dehydrodimers of the ethers, 
such as dioxanyl dioxane, in these and similar reactions. 

Phenanthren.equinone was shown to react with cyclic or open-chain 
ethers under ultraviolet irradiation (reaction 28) 40. 41. This 1,4- 

addition was found to be reversible, since irradiation of the product !cd 
to the formation of phenanthrenequinone and phenanthrenequinhy- 
drone. The reaction of a variety of quinones and a-diketones with 
dioxane was examined ; tetrachloro-o-benzoquinone, acenaphthalene- 
quinone, benzil, and camphorquinone gave the appropriate adducts. 
p-Quinones, such as p-naph thoquinone, and 9: 10-anthraquinone failed 
to react 43. 

E. Photochemical Cyunation of Ethers 
Irradiation of saturated aliphatic or cyclic ethers in the presence of 

ClCN produces the corresponding a-cyano ethers 43; higher yields were 
obtained in the presence of acetone (reaction 29). When unsymmetrical 

hv 
R10CHzR2 + ClCN P\’OCHR2 + HCI (29) 

ir.4 
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ethers were used, mixtures of the derived a-cyano ethers werc obtained. 
Cyclic ethers yielded a-cyano ethers as the major product as well as 
products of substitution at other positions. The presence of sodium 
bicarbonate in the mixture increases the yields of the cyano ethers by 
neutralizing the hydrogen chloride produced. A free-radical chain 
mechanism was proposed for this reaction (Scheme 2). 

hv 
CI-CI - 211 

R~OCH,R~ + t i  --+ R ~ O ~ H R ~  + HCI 

~ 1 0 6 ~ ~ 2  + CI-CN + RIOCHR~ + C'I 

61 i- el + CI, 

I 
CN 

21 $- b l  + ClCN 

R ~ O ~ H R ~  + 6~ + R ~ O C H R ~  
I 
CN 

SCHEME 2. 

F. Pho~~chemical  Reaction of Peresters with Ethers 
I t  has been found that ethers react readily with peresters upon 

exposure to ultraviolet irradiation in the presence of copper ions (re- 
action 37) 44. Thus, irradiation of a mixture of diethyl ether, t-butyl 

0 
11 hv 

CH3CHZOCHzCH3 + CHSC-0-0-Bu-t + CH3CHZOCHCHs (37) 
I 
0 

I c=o 
I 
CH3 

CuBr 

peracetate, and either cuprous bromide or cupric 2-ethyl hesanoate at 
35" produced 1-ethoxyethyl acetate in 75% yield. Other peresters, 
e.g. 1-butyl perbenzoate, reacted with ethers in a similar manner. The 
reaction was applied to cyclic ethers, e.g. tetrahydrofuran and dioxane, 
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leading to a-acetoxy ethers (reactions 38 and 39). The thermal reac- 
tion of tetrahydrofuran and t-butyl peracetate yields 2-t-butoxytetra- 
hydrofuran, whereas the photochemical reaction praduces the 2- 
acetoxy derivative in 75% yield. The photochemical reaction of 

1,4-dioxane with peracetate produced dioxanyl acetate which was 
identical with the product of the thermal reaction. The reaction 
catalyzed either by iight or by copper ions proceeded at a much 
slower rate than the reactions catalyzed by both Light and copper ions. 
To date only a preliminary report on these reactions has appeared. 

G. Photoadditions of Ethers to AIkenes 
A number of photoaddition reactions of ethers have been re- 

ported 45-47. The photoaddition of cyclic ethers, such as tetrahydro- 
furan, tetrahydropyran, and 1,4-dioxane to terminal alkenes led to the 
derived a-substituted ethers (reaction 40). This photoalkylatior, can be 
induced directly by light or initiated photochemically by acetone45. In  
the latter case higher yields were obtained (reaction 40). Photo- 

additions of cyclic ethers to nonterminal alkenes have also been 
reported. Thus, tetrahydrofuran has been shown to react with 
tetracyanoquinomethane and tetracyanoethy!ene under ultraviolet 
irradiation 46. a-Substituted cyclic ethers are the major products of the 
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reactions, e.g. reaction (41). In  the case of tetracyanoethylene the re- 

action proceeds further according to reaction (42). The photoaddition 

F J I Y c c C N  TCNE, 

I CN CN 

CN 

CN 

of tetrahydrofuran and its derivatives to maleic anhydride also led to 
the derived a-substituted tetrahydrofurans (reaction 43) 47. 

H. Solvolytic Photochemical Reactions 
Some solvolytic photochemical reactions in which ethers were in- 

volved have been reported4*. 49. The photolyses of 4-methoxybenzyl 
acetate, 3-methoxybenzyl acetate, and 3,5-dimethoxybenzyl acetate in 
aqueous dioxane have been studied. I t  was found that 4-methoxy- 
benzyl acetate essentially afforded exclusively free-radical products, 
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expected from hoxnolytic generation of 4-methoxybenzyl and acetoxyl 
radicals (reaction 44) 48. Irradiation of 3-methoxybenzyl acetatc led to 

CCH3 OCH3 
I I 

I 6 
OCH3 

products resulting mainly from heterolytic cleavage, whereas the 
homolytic cleavage took place to only a slight extent (reaction 45). 

CHzOH 
I 

Dioxane-H 0 
$H,OAc ? 

& O C H A  
I EtOH-H,O+ 

C HZO Et 
I aOcH3 + 

OH (45) I 

Free-radical 
-t products 

Photolysis of 3,5-dimethosybenzyl acetate in aqueous dioxane 
afforded 3,5-dimethoxybenzyl alcohols through an ionic mechanism 
(reaction 46). Products of free-radical fission were not detected in this 
reaction. Irradiation of aryl trityl ethers led to the appropriate 
phenols (reaction 47) ". I n  these reactions rn-nitrophenyl trityl ether 
underwent a more efficient photochemical solvolysis than the $ ~ r a  
isomer, in contrast to the nonphotochemical solvolysis. An ionic 
mechanism was suggested for this reaction49. 
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$.HZOAc 

367 

CHzOH 
I 

O--C(C,H5)3 0 + &c&15)3 6 hv 0 6 -i (C6H,)3COH (47) 

I. Photohslogenstion of Ethers 
Extensive studies of halogenation and photohalogenation of ethers 

have been reported 50.  Photochlorination of saturated acyfic afid 
cyclic ethers leads ,to a-chloro ethers as primary products which under- 
go further chemical reactions (reaction 48). The product composition 

k 2 +  clQcl + HC‘ 

of these reactions has been found to be dependent on temperature and 
the relative amount of chlorine used. 

Photobromination of benzyl methyl ethers with elemental bromine 
led to the corresponding benzaldehydes (reaction 49) 51. 
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CHaOCH3 CHO 
I I 

Benzyl ethers reacted with N-bromosuccinimide in the presence of 
peroxides and light to give the derived aldehydes (reaction 50)62. 

CHO CHO C P  R 6" 0 Peroxide NBS and hv ~ ' [ar 1 ___p 6 (50)  

Bromination of phenyl ethers under similar conditions occurrcd at the 
ortlzo and para positions. 

I .  Photochemieal Reaction of Acid Chlorides with Ethers 

length 2540 A led to a-acetyl ethers (reaction 51) 53. 
Irradiation of acetyl chloride in ether solutioiis with light of wa1.e- 

K. Photoehemicul Wecrctions of Acetals with Alkenes 
The polar properties of the a-C-H bonds and their reactivity 

towards hydrogen-;:tom abstraction arc enhanced in acetals by the 
presence of two ether groups 2. Methylal was found to react with maleic 
anhydride under ultraviolet irradiation to yield the 1 : 1 adduct and 
higher telomers. This reaction may be formulated as shown by re- 
action (52). Most photochemical as well as peroxide-induced additions 
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of acetals to alkenes are reported in the patent literature. The products 
described may have useful commercial applications, but further in- 
vestigation is required5** 55.  

L. Bkotochemkol Conversion of Acetols into Esters 
Irradiation of acetals of o-nitrohenzaldchyde led to the formation 

of the appropriate esters of o-nitrosobenzoic acid (reaction 53) 56. 

Cyclic acetals of o-ni trobenzaldehyde reacted analogously (reaction 
54) 57. This reaction has been applied in the carbohydrate and steroid 
fields 58-6y.. 

aNO COOCHZCHaOH (54) 

The photochemical acetone-initiated conversion of cyclic xetals of 
aldehydes into the corresponding carboxylic esters has also been re- 
ported 62. The reaction probably proceeds through hydrogen atom 
abstractiorr from the acet-a! by thw Fhtoactivated acetone molecule 
followed by- G O  bond cleavage (reaction 55). 

R’H 
RCOOCH,(CH,),~H, -t RCOOCH,(CH,),CH~ 

( n = O o r  I )  
(55) 
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M. Bromination of Acetals with PI-Bromosuccinirnide 
Acetals can be brominated readily with N-bromosuccinimide in the 

presence of light (reaction 56) 63. a-Bromo acetals were obtained in the 

C2H6-0 C2H5-0 

CBrR 
N BS \ 

Sunlight / 
‘CHR --- 

C2HG-0 
/ 

C2H5-0 
(R = CH3, C2HG, n-Pr, i-Pr) 

case of acetals of aliphatic aldehydes, whereas benzaldehyde diethyl- 
acetal reacted further to give ethyl benzoate under thesc conditions 
(reaction 57) 63. 

Dialkylacetals of a-keto aldehydes were convcrted into a-keto esters 
under similar conditions (reaction 58) 64. 

0 R1 0 R1 
N BS / -R2Br 

LiCht 
(58) 

/ 
\ 

R3COC-H w R3COC-Br __f R3COCOOR1 + RaBr 

ORa ‘OR2 
(R1 = R2 = alkyl) 
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1. INTWODUCTlON 

The cyclic ethers as a class of compounds have several features which 
they share with other heterocyclic compounds, but they do have one 
feature which adequately distinguishes them from the others. The 
feature which they have in common with the cyclic sulfides and amines 
is that the ring can be opened, often readily1. The ring-opening rates 
of the three classes of compounds normaily follow the order : 2- > 3- > 
4- > 5- > 6-membered ring. The inclusion of the two-membered ring 
can he questioned, but it does give some insight into the reactions of 
these compounds. 

The distinguishing characteristic of the cyclic ethers is that the ring 
can be opened in a single bimolecular reaction, which involves no pre- 
equilibrium step, to produce good yields of products1. In comparison, 
azacycloalkanes require a preequilibrium with a Lewis acid and the 
thiacycloalkanes will more often than not form a polymeric product 
under these reaction conditions. The rates of the ring-opening re- 
actions are related to the stabilities of the anions produced ( -  S-  > 
-0- > -N-), Thus a cyclic sulfide would be expected to be the 
most reactive of the three heterocyclics in any specific-sized ring 
system1. 

A. Reviews 
The preparation and chemistry of two members of the cyclic ether 

series have recently been reviewed in detail. The epoxides have been 
covered before 1960-1 961 by Rosowsky2 in a chapter which included 
over two thousand references and the oxetanes before 1961 by Searles3 
in the same book. For this reason, the coverage in this chapter of these 
two members will stress material published since 1960-1961 and 
mechanistic details of interest. Topsom * has written on recent advances 
in the chemistry of simple oxygen heterocyclics including material up 
to 1963. There are other general reviews on epoxides that can be 
mentioned. The article on the Prileschejew reaction (reaction of 
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perester on an olefin) appeayed in Orgairic Reactiom in 19535 and was 
recently brought up-to-date by Karnojitzky 6. Additional survcys 
include onc on the synthesis of new cpoxy compounds by Batzer and 
Nikles’, a brief one by Batzero, and an intensive coverage of the 
mechanisms of eposide reactions by Parker and Isaacsg. Dean 
recently reported on the naturally occurring epoxides’O. 

I t  is interesting that no review, other than brief descriptions in 
recent texts *, on the chemistry or synthesis of the five-, six-, or higher- 
membered rings has appeared sincc the report by Winstein and Hen- 
derson’l. The treatise edited by Rodd12 glosses over these compounds 
very rapidly. For this reason, an attempt will bc made to cover the 
chemistry and synthesis of at  least the five- and six-membered ring 
compounds moderately extensiceiy, but not necessarily completely. 

B. Bond Energies 
The ease of ricg opening of the cyclic ethers can be related directly 

to their thermodjmamic properties. Gray and Williams13 summarized 
the data fix the formation of diradicals from the cyclic ethers and 
these are given in Table 1. evaluated the strain and conjugation 
energies in a large number of cyclic systems and fbctnd that the differ- 
ences between the experimental and calculated heats of formation 
could be determined. The heats derived by him are also given in 
Tabie 1 and are quite self-explanatory. 

TABLE 1 .  The bond energies of the cyclic ethers. 

Bond-dissociation 
energyI3 

Cyclic ether (kcal/mole) H,.,,,(espt.) -Ho,,,(calc.)14 

Ethylene oxide 47-7 
Propylene oxide 50.5-5 1.5 
Oxetane - 
Tetrahydrofuran 68.6 
Tetrahy dropyran 71.2 

28 
26.4 

6.7 
2.2 

- 

A slightly difierent, but still classical, approach has been used by 
Pel1 and Pilcher” who measured the heats of combustion of the cyclic 
ethers and other related compounds. From these data they were able 
to obtain the strain energies tabulated in Table 2. Several comments 
..made by these authors are quite informative. They pointed out that 
the strain energy in the four-membered ring is only slightly less than 
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that in the three-membered ring; the cyclic sulfides as a group have 
much less strain than the cyclic alkanes, ethers, or amines 2nd this 
probably relates to the larger orbital size of the sulfur atom; tetra- 
hydropyran is the only six-membered ring to exhibit strain. 

‘TABLE 2. Strain energics in cyclic systcms (kcal/mole) 15. 

3 2 7.43 27.28 I 9.78 26-87 
4 26.04 25-5 1 19.64 
5 6.05 5.63 1-97 5.80 
6 - O*G2 1-16 - 0.27 -0.15 

COX’* considered the slight strain in the six-membered ring to be 
angular in origin, since a carbon-oxygen bond is slightly shorter than 
a carbon-carbon bond. The large strain in the four-membered ring 
fits in well with the latest data on the bond distances and bond angles 
for that system16. 

From these considerations it can be seen that the reactions of these 
compounds will often be unexpected and their synthesis sometimes 
difficult. This is because the three- and four-membered rings can 
sometimes be treated to give a product with the ring intact and the five-, 
six-, and higher-membered rings can sometimes be opencd. 

C. Physical A4easurements 
Several specific physical chxacteristics of the cyclic ethers can be 

described. Thc first of these is the contribution of the rings to the 
optical rotatory dispersion of a molecule, where only the epoxide 
group has been studied. DjerassiI7 found that oxirane r iny  contri- 
buted to the dispersion curves at 290 mp, and in a manner opposite in 
sign to the alkyl group. The mass spectral fragmentation pattern of 
these compounds has been sparsely studied as is evident from the 
recent books on the I t  appears, however, that the cyclic 
ethers are important to mass spectrographic analysis, for one can 
deuterate compounds in a stereospecific manner by  the reduction of 
an epoxide with lithium aluminum deuteride 22. 

The infrared spectral characteristics of the small rings were de- 
scribed in the reviews mentioned above ; however, the decisive assign- 
ments for the epoxide rings were recently made by P ~ t t s ~ ~ .  I t  has also 
been reported that long range effects of groups on infrarcd bands are 
possible in these compounds 24. 
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The transmission of conjugation through the epoxide ring is a point 
of interest and it is supported by reccnt reports. Most measurements of 
conjugation utilize ultraviolet spectra, thus they involve excited states 
and not the ground state of the molecule. For this reason, comparison 
studies with the corresponding olefins and cyclopropane systems can 
be most meaningful. Recent measurenicnts of the acidities 25 and ultra- 
violet spectra ’’ of substituted cyclopropanes and epoxides support the 
fact that conjugation does occur in both systems and that no specific 
orientation of the ring is necessary with cyclopropanes. This last fact 
should be compared to a previous report which suggests that conjuga- 
tion through an epoxide ring docs require specific orientationz7. An 
explanation for the conjugation through the epoxide ring has been 
presented which considers that there is enough strain in the carbon- 
oxygen bonds to allow the oxygen atoms to be involved in no-bond 
resonance 2’. The authors further clarified their contention by suggest- 
ilig that forins with a negative charge on the oxygen atom, which have 
been neglected in previous calculations, are im-portant in the excited 
state and that these can explain the con.:!gation found. The ultra- 
violet spectra of the four- to six-membered rings have also been 
recently recxarnined ”. 

The measurement of the nuclear magnetic resonance spectra of the 
cyclic oxides has been an area of constant interest, although little wcjrk 
on the larger rings has been reported since the first definitive 
s t u d i e ~ ~ O - ~ ~ .  The epoxide ring has been examined in a variety of 
modes and the coupling constants for a large number of substituted 
epoxides are a ~ a i l a b l e ~ ~ - ~ ~ .  Other aspects of importance to the under- 
standing of the nuclear magnetic resonance spectra of epoxides in- 
volve general s t ~ d i e s ~ ~ - ~ ~ ,  studics on styrene ~ x i d e s ~ ~ - ~ ~ ,  a study of 
propylene oxide 44, highly inclusive studies of steroid epoxides 45*  46, 

measurements on sugar epoxides 47, researches concerned with the 
signs of the coupling constants involved48*49, a determination of the 
solvent dependence of the coupling constants in styrene oxide50, and 
a study as to whether a ring current exists in the epoxide ring51. 

Several of the above-mentioned aspects must be discussed more 
completely, for they contain specific details of interest. Tori and his 
coworkers46 have reported on the steroidal epoxides, where the 
epoxide rings were both the a and /I isomers at a number of positions. 
They found the proton signal of the a isomer generally at a higher field 
than that of the /3 isomer. They compared their results to those from a 
large number of other epoxides. I n  addition, they considered their data 
in the light ofthe I<arplus5” correlation (gives the angular dependence 
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of coupling constanLs of the various protons) and the electro- 
negativity of the groups involved. In  anothei- study, Tori and other co- 
w o r k e r ~ ~ ~  concluded that there is a ring ckrrent in epoxides, and thus 
conjugation exists through an epoxide ring; this is also indicated by 
the ultraviolet spectra. This ring current and other factors have a 
shielding effect on neighboring protons. In  somewhat the same way, 
the 1 3 G H  coupling constants were used to calculate that there is 
about 127L ionic character in the carbon-oxygen bond in epoxides 53. 

One final consideration concerning the nuclear magnetic resonance 
spectra of epoxides, and especially styrene oxide, is the sign of the 
coupling constants. Swalen and re ill^^^ chose the three coupling 
constants in styrene oxide to be positive, and other work48 indicated 
that the signs should all be the same, i.e. either all positive or all nega- 
tive. The most recent studys0, which considered the irrfluence of 
solvents and the effect of an increase in dielectric constant of the solvent 
on the nuclear magnetic resonance spectrum, suggests that the values 
should all be positive. Other methods will certainly be used to clarify 
this situation. 

D. Bo:sicity, Inertness, and Solvent Properties 
The basicity of the cyclic ethers has been a subject G f  interest, par- 

tially because of its relation to the solvent properties of the ethers, but 
also for theoretical reasons (they are' more basic than the strzight- 
chain ethers). The available data have been obtained by measuring 
the interaction of the oxygen with a Lewis acid, such as sulfuric acid 54, 

stannic chloride 5 5 *  s6, boron trifluoride 57 -59, and perchloric acid 6o 

and with iodine G1, molybdenum carbonyl 62, magnesium carbonyl 62, 

phenylmagncsium carbonyl with ultraviolet light catalysis 62, and also 
by infrared spectroph~tometry~~* 64. The order of basicity for the 
specific ring sizes is 4- > 5- > 6- > 3-membered ring > Et2054*61, 
but it can be influenced by steric effects in substituted c ~ m p o u n d s ~ ~ .  
The metal carbonyls gave varied results62. 

Tamres and his coworkers61 have shown that the situation is not as 
well understood as was thought, for they found that 5-oxabicyclo- 
[2.2.l]heptane was less basic than an epoxide in aqueous acid. In  
comparison, the ring-size order measured by the iodine-complex 
equilibria method in heptane was 4 > bicyclic ether > 5- > 6- 
membered ring. They attributed this change to a solvation effect, for 
in the bicyclic ether the oxygen is almost surrounded by a ' hydrocarbon 
cage' which not only reduces the chance of solvent stabilization of the 
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oxonium ion obtained by protcnation, but also shields one side of the 
oxygen atom65. 

One of the major uses of tetrahydrofixan results from its being a 
solvent of high solvating powcr (undoubtedly related to its basicity) 
and sometimes from its novel directing influence. In general, it is non- 
reactive toward ring opening by a nucleophile at room temperature, 
and thus, for example, has been used with Grignard reagents in rex-  
tions conducted at room temperature66. I t  has also been used for free- 
radical arylations67. The major use of tetrahydrofuran has becn with 
organometallics, where it has been found to he an unusually good 
solvent and in some cases has actually caused sluggish reactions to 
proceed68. G i l r n a ~ ~ ~ ~ - ~ l  has dcveloped these two aspects in his 
studies of the lithium metal cleavages of heterocyclic compounds (1) 
to form organometdics (.2)68, and also in the synthesis and further 
reactions of organometallics (reaction 2) 71. 

T U C  
I I ,I 

CH2=CHCH2MgCI + (C,H&SiH ___f CeH5CH2MgCI + (CH,=CHCH,) 
(C,H,CH,),SiH (2) 

Another specific use of tetrahydrofuran has been in hydride reduc- 
tions where tetrahydrofuran dissolved more of the reactants than did 
diethyl ether72; it made reduction with NaBH, and Al(BH4)373 
extremely rapid, and gzve complete solution when diborane and 
boron tri'chloride were used74. Its usefulness in the formation of Grig- 
nard reagents can Le exemplified by stating that in tetrahydrofuran 
chlorobenzene .will form a Grignard reagent75; this will not readily 
occur in diethyl ether. Some Grignard reagents formed in tetrahydro- 
furan favor Wurtz-type reactions (dimer formation) more than 
normal reactlr>ns76, give rinlr opening of oxetane in 80% 9 
and permit nonflammabk Grignard reagents to be Tormed 79. The last 
mentioned will occur when toluene is used as a solvent and one mole of 
c;dic ether is available for each m d e  of organonietallic compound. 

When alkali metal derivatives of organic compounds are involved 

but n o t  
E t 2 0  or 

(4) (5) CoHSCH3 
(3) 
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in a reaction it has been found that tctrahydrofuran shortens thc time 
necessary for the reaction to take place; e.g. for a Claisen reactione0, 
it varies the reactivity of a carbanion and greatly enhances the amount 
of carbon alkylation of an ambident ione1 (dimethyl sulfoxide and 
dimethylformamide give oxygen alkylation) 82, affects free radical ion 
(kety!) reactivities e3, and pcrmits the formation of aromatic (naph- 
thalene and phenanthrene with Na, Li, and K) 84 and vinyllithiume5 
carbanions. Tetrahydrofuran affects a Wittig reaction by changing the 
ctiltruns ratio; 75% cis is produced as compared to 95% cis produced 
by dimethylformamide 86. Finally, its use in phenylchromium chemis- 
try must be mentioned, where its use gave unexplained results until i t  
was realized that the tetrahydrofuran formed a strong complex with 
triphenylchromium (equation 3) 87. The three molecules of tetrahydro- 

THF 
CrCI, + 3 C,HBP?gBr + (C,H5),CrU;'.3THF (Violet) (3) 

(6) (7) 

furan of the complex (7) were removed when the complex was treated 
with large amounts of dietliyl ethere7. 

7 + Excess Et,O (C,H,),Crlxl (Black) (4) 

( 8 )  

E. Polymerization 
The formation of polymers from the cyclic ethers is of some com- 

mercial interest, where the epoxides are of greatest importance. A 
study which relates the basicity of the cyclic ether to the rate of 
polymerization has been describedee, and an attempt to form a poly- 
mer from an epoxide by a free-radical displacement reaction (see 
section 1II.G) was reported as being a failuree9. Most of the general 
material on epoxides is covered in recent treatises on polymers 
while additional material on optically active monomers s2, niechan- 
isms3, stereochemistry s4, and optically active catalysts s5 can be 
added. 

Oxetanes are rarely polymerized commercially 96, 5ut tetrahydro- 
furan can be polymerized quite readily. The polymerization of tetra- 
hydrofuran was reviewed in 19609', and can be brought up-to-date by 
the inclusion of articles where cocatalyets were usedse, where the 
purity of the cocatalyst produced wide changes in product molecular 
wiight s9*100,  where fl-benzoquinone diazide (9) was used as the cata- 
lystlol, and where some of the many parameters (ceiling temperature, 
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eqailibrium conversion a t  specific temperatures, etc.) were deter- 
mined lo2. 

II. SYMBHESiS O F  EQOXIDES 

A. Classical Methods 
The majority of epoxidc synthcses involve the standard reagents, e.g. 

a peracid attacking an o l e h  or a ring c!osure of a halohydrin. Recent 
interesting findings about these methods indicate that the peracid 
oxidation gives a product in which a steric directivc effect is evident. 
This work has been summarized by Henbestlo3; it was shown that 
85% epoxidation could occur at the CI face (side away from the substi- 
tuent) of a cyclic 3-substituted olefin, depending on the solvent. This 
has been shown to be a steric effect of the substituent groups in alkyl- 
cyclopentenes (equation 5) l o 4 e 1 0 5 .  The peracid method has also 
given the 2-butene oxides in high stereospecificity (> 95%) and in good 
yields (50-60y0) Io6. However, the one-step procedure of using cal- 
cium hypechlorite has distinct advantages, for the yields with di- 
substituted olefins (2-butenes) are 80-30% and with tetrasubstituted 
ones, 20-60%107* lo'. 

(5) 
Me 

(llaj (111)) 

8Zq4 trons IQ$ c is  

n<'h" -t +:rd (6) 
H CN 

/ Pe raci a 
c=c Cyclopentane ' 0 0 

\ 
/ 

(134 95% (13b)5y0 
'H H 

(12) 

Epoxidation rates with peracids appear to bc the same in almost 
This suggests intramolecular hydrogen bonding, every solvent log 

which is shown in equation (7) lll. 
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(14 (15) (16) (17) (18) 

Isotope studies with l80 indicate that the epoxide oxygen comes from 
one of the peroxy oxygens in an acyl peroxide ‘12, and this has resulted 
in the postulation of the mechanism shown in equation (8) lI2. It was 
discovered by Payne 113 that epoxidation with a peracid could occur 

A r  
I 

Ar-C=O A r  C70 kr 
I I ,:/ .... 1 / 
0 c=o + c=c + 0 c=o 

(14) 0’ 

(20 )  

. .  . .  .. .. 
‘ O /  

(1% c-c 

(21) 

in basic solution (pH 9) with hydrogen peroxide and acetonitrile, 
which” supposedly forms peroxycarboimidic acid. The use of a phos- 
phate buffer at pH 8 gave yields as high 2s 95y0 l14. 

This latter reaction has been extensively studied, because of its syn- 
thetic importance, and has been shown to be third order overall; first 
order in respect to each reactant (nitrile, olefin, and hydrogen 
peroxide)lI5. Phosphate was shown to have a definite role in the 
transition state of the reaction and a Hammett relation study showed 
that electron-attracting substituents on the benzonitrile accelerated 
the rate ( p  = 0.57) and electron-attracting groups in the olefin (sty- 
rene) slowed the rate ( p  = - 0.51). The entropy of activation ( -50 
e.u.j adequately describes the crowding in the transition state (22) I l 8 .  

R2HC-Cd+ H2 

0 6 .... H .... 0 .... 06- 

C-R1 
\ 
// 

N 
/ \  HO 0 .... H ............ 

- 

(22) 
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The almost constant rate at various values of pH and changes in rate 
with a change in polarity of the solvent strongly suggests that internal 
hydrogen bonding is also involvcd in the peramidine (22) as it is in- 
volved in the pcracids (equation 7). Pertungstic acid has been shown 
to epoxidize, but only when a free hydroxyl group is alpha to the 
olefin ’16. The transition state appears to be one with considerable 
polar (electrophilic) character. 

The transition state of ethylene oxide formation from ethylene 
chlorohydrin has been defined by Swain and his coworkers ll’. They 
were able to describe the reaction of the chlorohydrin with base from 
kinetic isotope effects and solvent correlations involving a transition 
state where epoxide formation was 1GO% complete (23). The extent 
of breaking of the carbon-chlorine bond in the transition state is not 

(23) (24) 

yet h c w n .  This transition-state picture can be compared to that of the 
formation of tetrahydrofuran from 4-chlorobutanol, where the isotope 
effects and solvent correlations indicated that epoxide formation is 
only 25% complete (24). Based on this work, Swain has added a 
‘solvaiion rule’ to his previously defined ‘ reacting-bond rule’. The 
latter rule states that electron-donating subsiituents lengthen the 
nearest reacting bond(s), but that they have an alternating effect on 
more remote bonds. The solvent rule suggests that a proton being 
transferred from one oxygen to another in an organic reaction should 
lie in an entirely stable potential at  the transition state and not form 
bonds nor give rise to primary isotope effects. 

has recently redefined his views on epoxide forma- 
tion in unsaturated ketones, for at one time he could not find any 
stereospecificity in the hydroxide-catalyzed product formation. H e  has 

Zimmerman 
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since reported that the amount of stereoselectivity is dependent on the 
departing anion, and efficient ones (Cl- and C,H,CO,-) compete 
esectively with rotation such that the original confarmation is 
trapped as the epoxide (equation 9). 

B. Special Reagents 

the synthesis of epoxides; these will be described in some detail. 
Recently a large number of special reagents have been applied to 

1. Wittig reagent 
One of the first of these new mcthods involved the utilization of the 

reaction cf the Wittig reagent (29) with an aldehyde or ketone to pro- 
duce the epoxi.de which may or may not rearrange to the correspond- 
ing aldehyde l19. This reaction was recently briefly covered in a rcview 

where not only the phosphorus compounds were illustrated, but also 
the corresponding antimony and arsenic coiiipounds120. 

2. Phosphorus triamide 
Another phosphorus-containing reagent, hexamethylphosphor- 

amide or trisdimethylaminophosphine (34) was first used by Mark121 
to prepare substituted stilbene oxides (35) in good yields. He found 
that the tram product predominated and that an electron-withdrawing 

(11) 
/O\ 

ArCHO + [(Me),N],P -> ArCH -CHAr + [(CH3),N],P0 

substituent in the aldehyde was necessary for the reactim to proceed 
to the product. If an electron-donating group were on the ring, only 
an adduct would form, which would not decompose to the epoxide. 
Some representative yields are given in Table 4. This reaction was 
recently used by Newman122 to prepare 3.8 in 81y0 yield (the first 
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TABLE 4. Synthcscs with trisdimethylaminophosphine (34) l21. 

385 

Aldehyde yo Yield translcis ratio 

o-Chlorobenzaldehyde 
p-C hlorobcnzaldehyde 
m-Nitrobenzaldehyde 
,-Formylbenzaldehyde 
1 -Naphthaldehyde 
2-Thienylaldehyde 

90 
40 
80 
95 
80 
87 

1.38 
4.0 
2.9 
1.1 
1.1 
1.1 

epoxide formally derived 
rearranged on treatment 

from an aromatic compound). The product 
with acid to 9-phenanthrol. 

OH,C C,HO A 

3. Carbenes 
Singlet rnethylene in comparison to triplet methylene has been 

shown to add to acetone to give isobutylene oxide 123. This fact readily 
explains why diphenylcarbenc reacts with aldehydes to give the 
corresponding epoxide 12*. 

4. Sulfonium and oxosulfonium ylides 
Corey and Chaykovsky125* 126 were the first to use dimethyloxosul- 

foxAum methylide (39) and dimethylsulfonium methylide (40) for the 

synthesis of epoxides. They found that the oxoylide (39) was more re- 
active and gave severa! different products while the sulfonium mcthyl- 
ide (40) would give only epoxides, in yields of 55-97%. A complete 

13+ C.E.L. 
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description of thcir techniques has now been published 127. Franzen 
has also reported syntheses with thcse ylides I2O. 

The stereochexnical behavior of these two ylides has been a topic of 
major interest. Johnson and his coworkers129 have shown that when 
diphenylsulfonium benzylide reacts with benzaldehyde, the stilbene 
oxide produced (72% yield) is stereospecifically trans. Bly and BlylSo 
have shown that dimethyl oxoylide with bicyclo[2.2.l]heptane-7-one 
(42) gives the anti-epoxide (43) exclusively. The  rearrangement of this 

epoxide to the aldehyde will be commented on under section 1II.E. 
The greater steric effects and more strenuous experimental require- 
ments of the diphenylsulfonium benzylide are evident since with 
cyclohexanone it did not give a product under normal conditions, but 
only at  low temperature ( -  70 to - 50") and in the presence of a 
stronger base (phenyllithiurn) . 

Corey 127 extensively discussed the siinilaiitics and differcnces of the 
reagents, of the types of reactions, and of the influence of groups, etc., 
in eposidation. He pointed out that the oxosulfoniurn ylide reacts by 
the equatorial addition of methylene, while the sulfonium ylide gives 
a preference for axial addition. To illustrate this, Corey showed that 
the dimethyl ylide (40) when reacting with 4-t-butyl-cyclohexanone, 
for example, gives a stereospecific reaction to give one epoxide in 
90% yield. This cpoxide could be reduced to pure tranr-4-t-butyl-l- 
me thylcyclohexanol. 

The stereospecificity involved was recently carried to its ultimate 
with steroids when it was reported that the oxoylide 39 reacted with a 
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3-keto steroid to form only the a - o d e  (oxygen axial) in 7904 yield and 
the ylicle 40 reacted with the same ketone to form only the /3-oxide 
(oxygen equatorial) in 90% yield 131. 

0 0 
(44) 

(46jS-oxide 

5. N i t r ic  acid 
The use of 90-100~o nitric acid on tetra-(p-nitropheny1)ethylene at 

0" gave the corresponding epoxide 132. This is the first reported case of 
this type of epoxidation and it is undoubtedly due to the high electro- 
philicity of the double bond. 

6. Oxygen 
Cvetanovic 133 has extensively studied the direct formation of an 

epoxide from an olefin and oxygen in the gas phase. The mechanism 
or this reaction in the liquid phase has been studied by who 
showed that intermediate hydroperoxy species were involved and that 
50% yields of epoxide were possible. Subsequently, Indictor and 
Brill 135 have shown that t-butyl hydroperoxide would work and that 
the epoxidation is catalyzed by metal acetylacetonates. Others have 
measured the rates of the oxygcn reaction with cyclic olefins 136 and it 
appears that the same types of intermediates seem to be involved in the 
pyrolysis of perosides 13'. Some of the mechanistic postulates of thc 
previous workers have been supported, for a recent isotopic carbon 
study of the reaction indicated that hydrogen-atom shifts do occur in 
this reaction 138. 

This type of method has been found to be especially effcctive for 
the synthesis of epoxides of the highly negatively substituted olehis, 
for it works well for the preparation of the tetracyano-139 and tetra- 
fluoroethylene 140 cpoxides. In the latter, either heat, ultraviolet light, 
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or ionizing radiation is effective in initiating the Icaction. A similar 
type of reaction is the photosensitized oxidation of hydroxy o lehs  of 
steroids with hematoporphyrin and oxygen to give an epoxide iil a 
stereospecific reaction 141. 

C. Chloro Epoxides 
One interesting type of epoxide is the chloro ey?oxide which has been 

shown to be stable under certain conditions (however, see section 
111.G). The initial attempt to prepare chloro epoxides was made in the 
1880’s 142 J however, Walling and Fredericks 143 were the first to show 
that the simplest member could be synthesized and, interestingly, by a 
free-radical reaction (equation is). This synthesis fails with other 

/O\ /O\ 
CH,-CH, + Me,COCI d CH,-CHCI + Me,COH 

chlorinating agents, such as chlorine144. A second synthesis is the acid- 
catalyzed decomposition of monochloroethylene carbonate in 34% 

H2C- yHCI H&O, ~ /”\ Standin 
(17) H,C-CHCI g., ClCHzCHO h 

I 
oc, ,co 

0 

yield (equation 17) 145. Phenylated derivatives arc more readily 
synthesized and have greater stability. A recent synthetic sequence is 
that described in equations (18) and (19)146. Other attempts a t  the 

CI 

( 5 5 )  (56 )  

synthesis of the phenylchloro epoxides have led to rearranged products 
(see section 1II.E). 



9. Reactions of Cyclic Ethcrs 389 

D. Qxirenes 
A final topic to be considered in epoxide syntheses is the attempted 

preparation and possible existence of acetylene oxides or oxirenes. 
Before 1958 little effort had been made to synthesize these compounds. 
The attempts have been described by Franzen 147. 

In the same paper, Franzen described an experiment. of his which, if 
successful, would have been evidence for the oxirene 68. However, the 
intermediate 58 did not react as planned, for the product did not show 
the expected scrambling of the isotopic labeling in the resultant acid 
(equation 20). 

T‘NO other groups of workers have tried a more direct method of 
synthesis, which utilized a classical epoxide synthesis technique 148* 140. 

Both groups used diphenylacetylene (62) and one also used phenyl- 
acetylene148. Both groups postulated the existence of the oxirene 

(63) 
and/or 
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intermediate 63 and one group suggested that additional dioxy com- 
pounds could be involved as intermediates 149. Phenylacctylene gave 
phenylacetic acid (38%) and benzoic acid (25%) under the reaction 
conditions. 

111. REACTIONS O F  EPQXIDES 

A. Generul Reactions 

1. Oxidation 

Epoxides have been found to give a-hydroxy ketoncts in yields of 55- 
75% when they are oxidized with diinethyl sulfoxide in the presence 
of BF, (equation 22) 150. 

2. Reduction 
The study of Eliel and Rerick151.152 on the lithium aluminuni 

hydride reduction of epoxidcs to alcohols, where they showed that the 
hydride attacks the least substituted position of the epoxide, is still the 
major study in this area. Subsequent work has shown that mixtures of 
alcohols can result from substituted styrene oxides and that the ratio 
produced indicates that bond breaking has progressed further than 
bond formation in the transition state153. This relates to the greater 
stability of the benzyl carbonium ion relative to the 2-phenethyl 
carbonium ion, one of which would be involved as an intermediate in 
the transition state 15*. Other hydride compounds such as diborane155 
and LiAlH(0-t-Bu), 156 also give an alcohol, however, the latter 
reagent is a slow-reacting species. 

Two reductions of stercochemical interest can be mentioned. The 
first is the reduction of 4-trans-t-butylcyclohcsene oxide with pure 
lithium aluminum hydride to give 90% 4-tram-alcohol 2nd 10% nS- 
3-alcohol (the cis oxide gives the opposite ratio in the same amounts) 
and with the hydride plus aluminum chloride to give (by equatorial 
attack) stereospecifically pure 3-trans-aicohol 15". The use of lithium 
aluminum deuteride indicated that the formation of the minor pro- 
duct followed the sequence outlined in equations (23) and (24). The 
second reduction is that of em-norbornene oxide with lithium aluminum 
hydride to give a mixture of 2-em-alcohol and 7-norborne01~~~. I t  was 
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(71) (72) 

found that the ratio of products depends on the solvent and tempera- 
ture of the reaction. A carbonium ion iiitermediate is obviousiy 
involved. 

In  catalytic reductions of epoxides, Pd-C with hydrogen gives high 
s te reospe~i f ic i ty~~~* 160 and Raney nickei low selectivity159* IG0 with 
cyclic oxides. Hydrogenation with [CoJ1(CN) J3 - as catalyst affords 
only 2-phenethyl alcohol from styrene oxide 161. 

3. Formation of heterocyclic compounds 
A number of different heterocyclic compounds are formed from 

epoxides of various structures with specific reagents. a-Acetylene epox- 
ides with phosphines form 1-phospholine oxides 162, $-acetylene epox- 
ides with phosphines give lactones16,, 3,4-epoxy esters with BF, form 
tetrahydrofurans IG4, epoxides with ketones form 2,3-dihydrofurans 165, 

and epoxides with anhydrous hydrogen fluoride form dioxolanes 166.. 

There are many reactions with amines and hydrazines which can 
be mentioned. Carboethoxyhydrazine with epoxides forms tetra- 
hydrooxadiazinones 167, butadiene dioside with hydrazine gives 1,4- 
addition to form piperidazine, and 1,2-disubstituted hydrazines with 
epoxides give pyrazolidines 16** 169. Epoxides with diimides give 
i r n i d a ~ o l i d o n e s ~ ~ ~ ,  with cyanamides give oxa~ol idines '~~,  with carbon 
disulfide and an amine salt give cyclic carbamates or thiocarbam- 
ates 172* 173, with amines give isooxazolopyrazines and azetidinium 
salts 174, and 1-chloro epoxides with thiourea give 2-aminothiazoles 175. 
The first known displacement reaction of an epoxidc on an alkyl 
halide (benzyl bromide) under mild conditions was utilized by 
having the intermediate form a piperazine upon the addition of an 
amine 
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8. Specific Reagents 
One novel reaction of epoxides discovered by Eiseninann 17? in- 

volves the reaction of carbon monoxide, metal carbonyl, alcohol, and 
an epoxide to form p-hydroxy esters in yields of 2040% (equation 25). 

OH 

CHjCH-CH2 /O\ + CO + CHSOH -I- CO~(CO)~  + CHSC. L CHZCOZCHS (25) 
(73) (74) (75) (76) 

T!iis reaction was further studied by Heck17e who gave a mechanistic 
explanation of the reaction, and by other workers who showed that 
aldehydes could also be ~ b t a i i i e d ~ ~ ~ * ~ ~ ~ .  I t  was also shown that alco- 
hols, ketones, ethers, and esters accelerate the reaction of Co( CO), 
with epoxides l 8 I .  Eisenmann182 has reported that epoxides can be 
rearranged to ketones in 70-80% yield with the same catalyst. 

The unusual deoxygenation of epoxides with phosphines as first 
reported by Denney103 has becn studied from a mechanistic point of 
view by B i s~ ing '~~ .  He found that the equilibria in equation (26) are 

/O\ + 
R i P  + R'HC-CHR2 & R:P-CHR2 - R'CH=CHR2 + R i P O  

I 

involved and that entropy, and not enthalpy, differences determine 
the product ratios Ie5. Another deoxygenation reagent has been found 
to be potassium xanthate le6. 

The formation of a cyclopropyl ring from an epoxide was reported 
to be possible by the action of a phosphorane salt (86) on an epox- 
idele7, subsequently also 8-keto phosphonates were found to be 
effective '08. T o m o s k o ~ i ~ ~ ~  has shown that mechanistically the two 
reagents plus phosphinates and phosphine oxides react by the same 
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Et 

b 
I 
COH' 

FoH5 Et 0 

>C,H, H-CH, + Me- -0  (27) Me-P+-CH--C,i-I, + C6H,CH-CH, - I / \  

JSH5 
(86)  (65) (87) (88)  

Optically active 50% Retention 

mechanism. He has shown with optically active compounds that an 
intramolecular SN2 process is involved with inversion occurring at  the 
asymmetric center in active styrene oxide (equati.ons 28 and 29). 

PO (0 Et), PO(OEt), 
6"CH 
*I I (28) 

I 0 */ \ 
CGH~CH-CH~ + -CHCO2R 

CBH&C -CH2 

CHCOPR 
/ \  

01 - > CoH, "CH-CH, + POL (OEt), 
(92) (93) 

A metallic reagent ofinterest which reacts with epoxides is (n-Pr),GeBr 
which gives an alkoxy germane and this hydrolyzes to a p-brcrmo 
alcohollgO. Selenium dioxide with an amine salt as a catalyst gives a 
cyclic selenite lgl. Gr ipa rd  reagents on steroidal epoxides have been 
found to give two types of reaction, for it was discovered that an 
epoxide on a ring juncture gives ring opening to the substituted 
alcohol, however, the epoxides on 'free' sites rearrange to give the 
next smallest ring lg2. 

Tetracyanoethylene oxide (95) has been found to give quite unusual 
reactions, for with olefins i t  gives tetrahydrofurans, with acetylene 
it gives 3,4-dihydrofuran and with aromatics (except anthracene) it 
gives tetrahydrofurans (see equation 30) 121* lg3* lg4. Anthracene gzve a 
product where the ring attacked the 9,lO-positions in the normal 
modelg4. The rates of the reactions were olefin > acetylene > arene, 
as one might predict. 

The treatment of epichlorohydrin with KCN gives a 2-cyanodi- 
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hydroaniline derivative lo5. The reaction of styrene oxide with ethyl 
malonate lg6, lg7 affords both 3- and 4-phenylbutyrolactone, and not 
just the 4-phenyl compound, with one group reporting the ratio of 
products to be 50 :5C! lg6 and the other 60 :40 lg7. 

-4n extensive study of the rates of the reactions of a large group of 
epoxides with potassium iodide in diosane-water as solvent must be 
menticmd lg8. A number of epoxides substituted with highly complex 
groups were examined to determine the influence of the groups on the 
rates of the ring-opening reaction. 

The reaction of epichlorohydrin with amines is of constant interest 
because of its commercial usefulness in preparing polymers and highly 
crosslinked materials. Under controlled conditions it is possible to 
prepare ammonium salts lg9, quarterrrary hydroxides ir! the presence 
of water, and salts in the absence of water 2oo. Tertiary amines do not 
always give a product, though under slightly different conditions 
instead of the expected product 1100, product 99 was given201. In 
comparison, epoxy ethers give a-aminocarbonyl compounds with 

(311 
+ /O\ 

CH2-CHCH2CI + Me,N Me,NCH=CHCH20H 
(97) (98) (99) 

+ /O\ 
Me,NCH2CH-CH2 

(100) 

amines 202, but with acid give hydroxy ketones by /3-carbon-oxygen 
cleavage in a highly stereospecific manner 203. Support for Steven’s 203 
mechanism for this reaction based on l 8 0  evidence has been given by 
Hite and his coworkers (equation 32) 204. 

MeN +,q!, C6H5 (32) 

H I6O 
I 

H 
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C. Acid Cleavages 
Catalyzed hydrolyses Gf epoxides havc been an area of continuing 

interest culminating in the work of Long and Paul205a, who showed 
that there is a base-catalyzed reaction, an acid-catalyzed reaction, and 
a pH-independent reaction with water. Pnrker and Isaacs krther 
clarified these areas in their rigorous examination of the mechanisms 
of epoxide reactions. 

Of primary importance to an undcrstanding of the acid-catalyzed 
hydrolysis is the finding by two different workers that the volume of 
activation is negative 2 0 6 .  207.  This fact Iends support to the A2 mechan- 
ism for these hydrolyses instead of the A 1 mechanism assigned by Long 
and on the basis of a Hammett acidity-function corre!ation. 
Long and Found tllal there was a close relationship between 
the rates and ho, which suggested that there war no water molecule in 
the transition state. The new dats. suggest that the Hammett relation- 
ship gave the wrong ConcIusim, which has been shown to be the casc 
in other situations205b and that equation (33) depicts the reaction path. 

H 

Study has continued in the area of the product ratios produced with 
mineral-acid catalysis of ring opening 207. The sequence in equauon 
(34) illustrates the influence of electronegative groups. Phenyl-substi- 

OH 0 1-1 
/O\ AICh 1 I 

R-CH-CH2 ---+ RCHCHzOCHzCH3 + RCHCHzCl 
(105) (106) 

EtaO 
(104) 

R = CICHz-, F,C- 79-92% 21- 8% 
R = CH3- 20- IOYo 80-90y0 

(34) 

tuted epoxides gave only aldehydes when aluminum chloride was used 
as the cataIyst2O8. The stereospecificity of ring opening of a trans- 
chlorocyclohexene oxide (PO7 ) #,o a tranr-chloro-truns-hydroxycyclohex- 
ane ethyl ether (lo$) indicates an SN2-type reaction where the halogen 
group enhances ether formation by depleting the electron density at 
the C(l) atom209. I n  comparison, an aniidc group has been found to 
give a neighboring-group effect in the cleavage by hydrogen chloride 
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in benzene of tram-phenylglycidylate (equation 36) to give a stereo- 
specific ring opening involving intermediate 111, and to produce 

(110) (111) (112) 

threo-chlorohydrin 210. When hydrogen chloride in methanol was used 
the ~rythro product was formed. The cis-epoxide gives only threo 
product O. 

A highly inclusive study was made by Virtanen211; he considered 
the uncatalyzed cleavage reaction and two different acid-catalyzed 
reactions in a wide variety of solvents, with four different nucleophiles 
and at temperatures rangicg from 20 to 80". He found the rate of 
cleavage was retarded to different extents with organic solvents 
depending on the polarity of the solvent. In work toward the same 
goal, Parker has continued his studies of the transition state of the 
cleavage reaction and has adequately bolstercd his views that bond 
breaking has progressed further than bond making in the transition 
state212. The yields of the two possible chlorohydrins produced from 

TABLE 5. Data on the acid-catalyzed ring opening of epoxides 
by thc chloride ion213. 

Normal product- -4bnormal producta 

pH yo Yield Rate, 10SkN yo Yield Rate, 10"x-A 
/O\ 

R in RCH-CHp 

Ethyl 7.0 04 1.21 16 0-23 

Chloromethyl 7.0 100 6.30 0 < 0.13 
Me thosyme thy1 7.0 100 1.80 0 < 0.04 
Ethyl 4.5 77 2.40 23 0.72 

Ethenyl 7.0 14 0.5 86 3.3 

Ethyl 3.8 69 7.5 31 3-4 
Ethyl 3.6 68 10.5 32 4.9 

a See equation (38) for thc mcaning of normal and abnormal. 
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differefit epoxides are given In Table 5 213. Under neutral conditions, 
electron-withdrawing groups accelerate the ' normal ' (i.e. where the 
nucleophile attacks the least-substituted carbon) and rctard the ' ab- 
normal' reaction of epoxides. However, in the acid-catalyzed reaction 
(equatiors 37 2nd 38) electrnn-~~ithdrav~ing groups retsrd the normal 
ring-opening reaction. Parker has explained these facts by a considera- 
tion of the preequilibrium between the epoxide (104) and its conjugate 
acid (113) in the acid-catalyzed reaction213. 

0 4 0-H 
/ \  K / \  

(1041 (113) 

RCH-CHS + CI- RCHCHZCI + RCHCHZOH (38) 

RCH-CHZ + H 3 0 +  4- RCH-CHZ + HZO (37) 

+ 0-1-1 OH CI 

(114) (115) (116) 

A number of studies have involved organic acid catalysis af cleav- 
age 214-221. The stereochemistry of ring opening ur-der these condi- 
tions is tram as predicted, with trichloroacetic acid giving faster rates 
than /I-chloropropionic acid 214. The rates are first order in each react- 
ant with acetic and related acids215-a17, and there is an approximate 
20-fold increase in rate when a salt of the acid is used215-217- J the 
rates are dependent on the structures of the epoxides218. These facts 
have led to the postulation of complex 117 as an intermediate in these 

/ \  k I  I 

Normal AbnorBnal 

(117) 

TABLE 6. Products from the acid-catalyzed ring opcning 
of D-styrene oxidezz1. 

yo Yield 

Acid Abnormal" Normalb % Inversion 

Acetic 
Trichloroacetic 
Bcnzoic 
Mesi toic 

10 
27 
25 
33 

72 
65 
54 
60 

62 
37 
50 
50 

a Product @-OH) resdting from attack at thc a-carbon. 
Product (a-OH) resulting from ring opening at the 8-carbon. 
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acid salt-catalyzed cleavages 219. The ring opening with acetic acid has 
been showii to give a mixture of hydroxy acetates in which acyl 
migration has taken place220*221. When mesitoic acid is used no migra- 
tion occurs and the true ratio of products is discernable221. Product 
ratios from this type of study are given in Table 6, where the epoxide 
involved was the optically active D-styrene oxide 221. 

D. Base Cleavuges 
The acidic and basic ring opening of epoxides has been compared 

in two systems to give interesting results. The details are given in 
equation (39)232. The rates of the reactions differ w i ~ l . e l y ~ ~ ~ .  From 

Basic -I; on 2-carbon 

on I-carbon 
cis-epoxide A& 

/O\ 
CSHSCH-CHCGH:; 

Basic 
on I-carbon 

on 2-carbon 

(1'8) 

(39) 

Parker's studies it is known that bond breaking is far advanced in the 
transition state in acidic hydrolysis, thus the stability of the intermedi- 
ate carbonium ion is directly involved in the acid-catalyzed reac- 
tion 21 2. 

The base-catalyzed ring opening of epoxides normally involves a 
mixture of an alcohol or phenol, base, and epoxide 224. If uncontrolled, 
or if appropriate conditions are used, polymers Phenol is 
often used224-229, and with it the reaction rate can be shown to be 
dependent on the phenolate c ~ n c e n t r a t i o n ~ ~ ~ ,  and to have an 
activation energy of 16.6 kcal/mole with ethylene oxide 225. There are 
definite steric effects which relate to the termolecular complex envis- 
aged227*220, and a structure for the complex (122) has been described 
(equations 40 and 41) 226. The use of alcohols in this context has also 
been of interest and this has led to kirxtic studies with different sub- 
strates 229-231. 

In the reaction of epoxides with amines, recent studies have involved 
measurements of rates under different conditions and with different 
a m i n e ~ ~ ~ ~ - ~ ~ ~ ,  a consideration of steric effects with varying alkyl 
groups in the aniine235-236, a measurenxnt of steric and electronic 
effects in the e p ~ x i d e ~ ~ ~ ,  and a determination of the efFect of cata- 
lysts 238. A summary of the knowledge of the amine-epoxide reactions 
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(122) 

before 1962 is available which utilizes an applicatior. of the Hsnsson 
equation for this system239* 240. This equation, like the Hammett equa- 
tion from which it is derived, gives a correlation of multiple variations 
in structure as related to reactivity. 

Other specific knowledge is also available. Parker acd his col- 
leagues 241 - 244 h ave studied normal @-carbon) versus abnormal 
(a-carbon) attack on substituted styrene oxides (Table 7) with benzyl- 

TABLE 7. Reaction of substituted styrene oxides with benzylamine in 

Styrene oside yo Normal isomera i05x-,a 1 Ok,,* 
3,4-Dimethyl 

m-CH3 
H 
m-CH30 
p-Br 
m-C1 
m-CF3 

P-CH3 
30 
47 
61 
62 
57 
63 
73 
78 

3.54 
3.92 
4 4 5  
5.67 
5.52 
4-72 
6.55 
5.80 

8.26 
4.42 
2.84 

4.16 
2-77 
2.48 
1-63 

3.48 

Solvent effects on the reaction of styrene oxide with 
bcn~ylarninc*~~ * 

Solvent 107k$ 1 07kAb 

Methanol 582 358 
Ethanol 490 138 

Acetoni trile 2.8 0.45 
2-Methyl-2-butanol 98 32 

Attack of the amine on the p-carbon of styrene oxide (rate = k~). 
Rate of attack on the a-carbon. 
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amine and have shown that substituents and solvents greatly affect the 
ratios of products. Electron-withdrawing groups enhance the normal 
reaction, and vice versa. From their studies they were able to assign a 
Hammett p of 0.87 for the normal reaction and a p of - 1-15 for the 
abnormal reaction342. Methanol when used as a solvent was found to 
give p values closer to zero than and protic solvents were 
found. to give a specific electrophilic assistance to ring cleavage as 
compared to aprotic solvents244. Other solvent effects on the reactions 
of amines with glycidyl ether were: xylene, p = 0.70; 1,1,2,2-tetra- 
chloroethane, p = 0.00; and nitrobenzene, p = - 0 ~ 8 0 ~ ~ ~ .  The 
transition state for these reactions with etbylene oxide has been postu- 
lated to be 124240. 

H2C-0 
\ /  c H2 

E. Rearrangements 
Although e n d  ester epoxides require only heat to rearrange them 

to acyloxy ketones (reaction 42) 247, fortxnately most epoxldes are 

(42) A 

Me' Me 

more stable. However, the acid-catalyzed rearrangement of epoxides 
to carbonyl compounds is a constant threat in their synthesis with 
peresters. For this reason the recently discovered syntheses which occur 
at  pH 8-9 (see section 1I.A) are especially important. 

A peracid-caused rearraiigement was evident in the attempted syn- 
thesis of the monoepoxide of bicyclo[2.2. llheptadiene (125) where 
bicyclo[3.0.l]-l-hexene-6-carboualdehyde (126) was produced in 
70% yield2". This has been shown to occur via the acid-catalyzed re- 
arrangement of the intermediate epoxide 249. Also, in the attempted 
synthesis of a chloro epoxide of 1 ,2-diphenylethyleneY ring opening with 
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chlorine atom migration occurred to form a chloro ketone (equation 
44) 250*  251. I t  was further discovered that in acylic and alicyclic systems 

CI C H  CI 
H+ I c-c - CGH,CHCOC,H5 (44) 

G\,o\/c‘ CtlH5 
\ /’ Peraciej c=c .* - 

\C0H5 
/ H ’ ‘CsHS H 

(127) (128) (129) 

both hydrogen and chlorine can migrate 252. Another rearrangement 
involving chlorine attachment followed by  chlorine removal is that in 
equations (4.5) and (46) 253. 

RMsX> ClCH2COCH2Cl /O\ 
CHZ-CHCH2CI FeCI, 

(W (130) 

0- 
I 
i 

>. ClCHzCCHzCl - RMgX 
130 - 

R R 

(45) 

(131) (132) 

The specific rearrangement of a monosubstituted epoxide to an 
aldehyde has been .used as a synthetic tool in simple systems25’, and 
also in complex bicyclic :;ystems130. An excellent example is the re- 
arrangement of a-pinene oxide (133) 255, which was based on a previous 
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report 256.  Almost concurrent with the use of this rearrangement, in 
an attempt to synthesize the ketone, it was reported that a mixture of 
an aldehyde and ketones is produced by the actIon of zinc bromide 
on limonene (136) and canxmenthene oxides 257. Even an acid- 

x x  
(136) (134 (137) (138) 

washed gas chromatographic column was found to be sufficiently 
reactive to rearrange caryophyllene oxide 258. In  chalcone epoxides, 
the effect of substituents in the rings has been found to influence the 
product percentages, as one might predict"59. An attempt to form a 
bicyclic oxide from an epoxy olefin by rearrangement failed260. 

As mentioned in section II.B.4, the epoxide 43 produced by Bly and 
Blyl3O in their study of the bicyclic ketone 42 was found to give a re- 
arrangement to an aldehyde with BF,. The rearrangement was found 
to occur stereospecifically and they postulated the mechanism shown in 

(139) (i40) 

- . . . . 0 B F3 

Fast 
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equation (49), involving a .rr-bridged intermediate carbonium ion 
(140). The interaction of RF, with steroid epoxides has been studied 
by Hartshorn and Kirk2"' -263 who showed that either methyl or 
methylem migration can occur. For example when the 4,5-epoxy 
ketones of cholestane were studied, the a,a-epoxide (4-equatorial oxy- 
gen) gave the A-nor-B-homo product and the /3,/3-epoxide (4-axial 
oxygen) gave methyl migration and no ring-size changes2"'. The 
migration ratios when the epoxide group is in various other positions 
are also dependent on stereochemistry; 'axial cleavage' has been 
shown to be preferred to 'equatorial cleavage' 261. 262. The presence or 
absence of groups, such as the acetoxy group, in various positions has 
also been found to affect the migration ratios 263. 

Other agents which cause rearrangement are the phosphine oxides 
which have been shcwn to give both stereochemical isamerization, as 
well as cause a rearrangement to carbonyl products, with the phos- 
phine oxide recovered unchanged 264. 

Transannular hydride shifts in the reactions of epoxides were first 
reported by Cope265*266 some years ago. He showed recently that 
trifluoroacetic acid would give 100% transannular rearrangement with 
cis-cyclooctene oxide265. The hydride shifts are either 1,3- or 1,5-migra- 
tions 266. In  comparison, 1-octene oxide with trifluoroacetic acid gave 
mainly l,Z-ciiol, with only 0.7% of the 1,3-diol, o.5y0 of the 1,4-diol, 
0.3% of the 1,5-diol, 0.2% of the lY6-diol, and 0-1 yo of the 1,7-dicl 267. 

The peracid on the olefin gave only I-octene oxide. When an olefinic 
woup was present in the cyclooctene oxide, the acid-catalyzed reac- ? tion gave at least five different products and thermal isomerization 
gave 1,Z- and 125-hydride shifts, ring contraction, and other reac- 
tions26E. 

The base-catalyzed ring openings and rearrangements of epoxides 
are few, but quite novel. P a y n ~ ~ ~ ~  found that reaction (50) occurred 

/O\ 7" aq. /O\ 
CH,-CHCMe2 --+ HOCH2CH-CMe2 

NaOH 

in 92% yield. The formation of a primary alcohol from a tertiary 
alcohol is unusual, but has been reported previously 270. The reaction 
of a halo-substituted epoxide (145). definitely did not proceed as 
expected (equation 51), but rather as is illustrated in equation (52) 271. 

A similar reaction was shown to occur between butyllithium and the 
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r\ OH 

monochloro epoxide (equation 53), but only the trans product formed 
from either cis or tram epoxide272. When phenyllithium was used the 

H CHzOH do\ n-BuCi \ / 
CICHZC -CHz - > c=c 

THF / 
CI 

(97) (149) 

(53) 

normal epoxide ring opening occurred272. This latter type of ring 
opening also results when 1 , 1-diphenylethylene oxide (31) is brought 
into reaction with phenylmagnesium bromide. Phenyllithium gives a 
nlixture of products from the latter epoxide, partially by a carbanion 
mechanism (equations 54 and 55) 273. 

0- 
/O\ CoHcLi 

(C6H&C-CH2 __t (C.H,),C--\tH -> (C6HS),C= 

O H  
CoH6Li I 

(152) (153) 
151 (CBH&CH-CHO -> (C,H&CHCHC,H, (55) 

What is probably the most outstanding item in the base-catalyzed 
rearrangements of epoxides is the postulation of a carbene intermedi- 
ate (156) 274. The reaction is outlined in equation (56). This type of 
carbene intermediate could also be invdved in the rearrangements 
of cyclooctene oxide with base as reported by Cope and his co- 
workers 265. 266. 
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F. Photochemistry 
The photolytic transformation of epoxides to other products has 

been of interest for niany years. Cvetanovic275 has given many of the 
details and Zimmerman 276 has summarized much of the available 
knowledge in his writings on mechanistic photochemistry. 

Much of the initial photochemical research with epoxides involved 
gas-phase photolyses with ethylene oxide in which acetaldehyde was 
the major product 277*  278. Further studies with more complex epoxides 
indicated that aldehydes were also produced279, apparently by a free- 
radical rearrangement of an alkyl group oi hydrogen atom (equation 
57). No other example of a free-radical alkyl group or hydrogen-atom 
shift had previously been reported 280. 

hv 
> (CH3)&HCH0 

/"\ 
CH,CH-CHCH, - 

(158) (159) 
(57) 

A reaction of epoxides which involves ring opening would be ex- 
pected to proceed with difficulty28', and the low yield of products 
from the liquid-phase photolysis of various cposides bears this out 282. 

The action of ultraviolet light on a neat epoxide was found to give 
epoxide ring opening (equations 58 and 59), in both possible modes to 
give two different diradical intermediates 282. No rearranged products 
were found even when the tests for aldehyde were carried out very 
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j CH3CHOHCH3 + CH3COCHs 
(163) (162) I---> CH,CH2CH20H + CH3CH2CH0 (58) 

(160) 

/O\ hr 
CH,CH-CH, ---+ Diradicals 

(161) 
(73) 

/O\ hv 
CH,CH-CHCH, -z Diradicals -> CH3CH2CHOHCH3 + CH,CH,COCH, 

(168) 

precisely. Benson has stated that the pyrolysis of ethylene oxide gives 
a diradical with 85 kcal/mole of excess energy283. 

The photolysis of epoxy ketones as summarized by Ziinmerman 276 

and estensively studied by him had a much greater yield than those 
photochemical reactions mentioned above. This is undoilbtedly 
because the energy is absorbed by the molecule via the carbonyl 
and not the epoxide graup. Two different reaction paths have becn 
postulated by Zimmerman 2Q4 in these reactions, the first involving 
the formation of an unsaturated hydroxy ketone (16s) 286*286 ,  and the 
second the formation of a saturated diketonc (170) 2 8 7 * 2 8 8 .  If an alkyl 

/O\ 
-C-CHCO- + -CO--CHCO-- 

I 
R 

I 
R 

(169) (170) 

group is present it will migrate but a phenyl group will n ~ t ~ ~ ~ . ~ ~ ~ .  
Jeger 289 has suggcsted that the migrating group actually becomes 
free in the alkyl shift. This reaction appears to support the findings of 
Cvetanovic 279. 

Another type of photochemical rearrangement involves the valence 
tautomerism of cyclic epoxy ketones to pyrylium salts (lL72) and 
pyrones. Ullnian 2oo - 292 discovered and has examined this transforma- 
tion, although others have studied somewhat similar systems 293* 294, 
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In 2,3-diphenylindenonc oxide (171) the energy requirement for re- 
arrangeincnt is greatcr than 68 ltcal/mole, however, if tram-stilbene 

(173) or certain other compounds are added the reaction will occur 
with a much lower activation energy. This is schematized in equations 
(63),  (64), and (65). This reaction sequence has resulted in 171 being 

U.V. t. ?. 
(63) 

(373) (174) 
C,HsCH=CHC,H6 _3 C,H,CH-CHC,Ii, 

{ =';=& --+- Pyrylium compound 

(176) (172) 

designated as a triplet-state indicator 292. A final valence tautomerisrn 
involves either the formation of a pyryliurri compound (P79) or a 
pyrone (177) 293. A somewhat siniilar photochemical dienone-phenol 

c G H 5 0  C6H5 ,u.v. Slow c6H5)32H' :.V. FdSt ~ 

Slow Fast 
C6H5 C6H5 C6H5 

0 
(17i) 
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rearrangement involving a five-membered oxide ring can be mentioned 
in this context pureiy for comparism purposes (equation 67) 295. 

OH 

6. Free-rcdicni Chemistry 
The free-radical reactions of epoxides involve four different types of 

reactions as chain-initiation steps, given in equations (68) to (71). It 

/O\ 
HZC-CHCHZ- 

(183) (183)' 

/O\ 'P 
H,C-CHCH2- H2e-cHCH2- 

0. 
/O\ I 

H2C-CHCH2- H2C--tHCH2- 

(1S4) (186) 

has not always been evident which of the four intermediates (183, 184, 
185, or 186) were involved in the many gzs-phase high temperature 
and photolytic reactions reported in the literature. A recent example 
is where ethylene oxide was reported to undergo a first-order frec- 
radical decomposition with an energy of activation of 42 kcal/mole 296. 

Many studies have been reported which just indicate that ethylene 
oxide forms acetaldehyde on heating (e.g. Neufeld and Blades"97). 

Studies directed specifically toward the clarification of the chain- 
initiation steps and those following are those which involve the 
presence of radical-trapping species, such as olefin and chlsxine. The 
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alkyl peroxide-catalyzed reaction of epoxidcs w- =s shown to involve 
several differcnt types of free-iadical reactions and tG be quite con- 
sistent mechanistically for a variety of epoxides2". The sequence is 
outlined in equations (72) to (75). From the yields of product, 11% of 
ketone 191, it is evident that the first reaction proceeds with difficulty. 

(72) 
/O\ 

CH3Cl-i-CH2 -!- R O  j CH3C-CH2 + ROH 
( i s )  '(187) 

z CH3COCH,. 
/O\ 

CHj$-CHZ - 
(187) (1SSj 

/O\ 
CHSCOCHZ. f CH3CH-CHZ 

(192) 

CH3COCHpCHZCHOHCH3 (75) 
(193) 

This could be expected from :he known h.ybridization of the carbon- 
hydrogen bond broken in equation (72) 13, The rearrangement to the 
keto radical (equation 73) was found to occur with every epoxide. 
The olefin-addition :reaction occurred readily when sufficient olefin 
was present, but the free-radical displacement reaction (equation 75) 
began to compete as the temperature of the reaction was raised to 
200" 298. AR attempt was made to study the mechanism of this displace- 
nient reaction more extensively, however, it failed with cyclohexene 
oidezg9. A similar result was reported in section 1.E in the attempted 
free-radical polymerization of propylene oxide by this methode9. 

The formation of the acetonyl radical 188 from the epoxide radical 
187 has been studied by a comparison of the rates of decomposition of 
benzoyl peroxide in propylene oxide and in acetone3''. Of special 
interest were the rates of the induced decomposition of the benzoyl 
peroxide in the two solvents, for the epoxy radical should, and did, 
give a greater rate of decomposition (0.850 ]/mole h at 80") than the 
acetonyl radical from acetone (0.692 l/mole h at 80"). The rearrange- 
ment reaction was fouxd to have an activation energy of 2.7 kcal! 
mole3". This apparently is large enough for products from the epoxy 
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frcc radical to be formed at ambient tempcraturc or below, for Wall- 
ing and Fredericks 143 xhowed that ethylene oxide could be chlorinated 
with t-butyl hypochlorite (equation 16). Chlorine in carbon tetra- 
chloride has been shown to chlorinate epoxides (equations 76 and 77), 
however, under these conditions the product is the ring-opened 

CIa 
> CICH,CHO + CICHzCHzOH + CICH,CO,CH,CHzCI (76) 

/O\ 
CHZ-CHZ - 

(47) (52) (194) (195) 

Cl2 
> CICH,COCH, 

/O\ 
CHaCH-CHZ - 

(73) (196) 

(77) 

product144. The presence of alcohol and ester in the product (194) 
indicates that a number of other free-radical reactions are also 
occurring. 

The other type of initiation process indicated above where a carbon- 
hydrogen bond is broken was also shown to occur with several epox- 
ides. This /?-abstraction (equation 78) leads to another ring-opening 

> CH,CH=CHCHzOH + CH,CH=CHCHO (80) 
/O\ 

CHSCHZCH-CHZ - 
ieos) (203) (W 

or .rearrangement reaction of epoxides (equation 79) 301. The ring- 
opening reaction has also been reported by Iluyscr and Munson 302 
who formed the intermediate free radical in a different manner (equa- 
tions 81 and 82). 
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(81) 

(82) 

The authentication of the oxide ring opening occurring in both 
possible modes to form two difFerent dirzdical intermediates resulted 
from the products produced in the ultraviolet light photolyses of 
various epoxides (see above) 28:2. The reaction is illustrated in equation 
(83) (cf. equations 70 and 71). 

CIZC- + CHZ=CHCH-CH, /O\ __j CI,CCH,tHCH-CH2 /O\ 

(205)  (206) (207)  
207 - > CI,CCH,CH=CHCH,O. + trans-Alcohol 

(308) 

0 0. 

(73) (309) (210) 

/' \ 
CH,CH-CH, __f CH&H-CH20- + CH,dHCH2* Products (83) 

IV. PWEPAWABlON O F  OXETRNES 

An extensive coverage of the syntheses of oxetanes has been made by 
Searles3, and there has been a recent review, which is not as readily 
available, on the synthesis of the parent compound, oxetane or tri- 
methylene oxide 303. The synthetic methods described in these reviews 
mainly involve cyclizations of a 1,3-diol or its half ester304. Results 
obtained by these methods are well illustrated by the syathesis of 
oxetane-d, in 99.9% purity and in a good yield (46%) 305. 

The major development in the synthesis of oxetanes is the utilization 
of a photochemical technique to prepare many complex compounds. 
This type of reaction was first carried out in 1909306, but Buchi307 has 
shown (equation 84) that many interesting products can be formed, 

PhCHO + Me,C=CHMe - u .v. JI::2 (84) 
Ph 

(33) (211) (212) 

and in good yield. § r i n i v a ~ a n ~ ~ *  showed that an osetane could be 
synthesized by an intrarnolccular reaction (equation 85) even though 
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unsubstitutzd oxetane had previously been shown to break down to 
formaldehyde and ethylene (equation 86) 309. The development of this 

(215) (216) (217) 

synthetic method was carried forward by several workers 310. 311, and 
Hammon6312 has reviewed the progress made up to 1963. 

I n  work directed toward the scope and mechanism of the ketone- 
olefin reaction, it has been shown that with benzophenone the yield of 
oxetane (5-93%) depends on the olefin313: bulky olefins tend to give 
poorer yields. p-Quinone gives interesting products 314, and the reac- 
tion with benzophenone and isclbutylene is of possible commercial 
value (yield 63",) 315. Disubstituted olefins, such as fumaronitrile 310, 

and hran3l0, can also be used. The intramolecular synthesis will 
also occur with ultraviolet light at  the carbonyl group wavelength 
(equation 87) 317. A slightly different mechanism operates with 
a-alkoxy ketones (equation 88) 318-31ga 

CH3COCHZCH2 H 
-i- cis-218 (87) \ /  hv 

I .  
I 1  
L---l 

\ 
,c=c 

H CH3 

(220) (221) 

(R' = CoH5 or t-Bu 
R2 = H or Me) 

The direct mechanism studies312*313*317- 320*321 have shown that the 
light is first absorbed by the carbonyl group to go to the n, T* state 
(ketones that will not give the n, 7 9  state will not give oxetanes) of the 
ketone (equation 89), and/or, triplet-triplet transfer can occur to give 
the triplet state of the olefin (equation 90). In  the latter state cis to 
trans isomerization of the olefin can cccur (equation 91), and/or, the 
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n, T* state of the carbmyl reacts with the olefin in a stepwisc manner 
which permits isomerization, and the product forms. Schematically 
the steps in equations (89) to (93) are operative. I t  is expected that 

n377. \fa & c=o:----, c= : 
\ 
/ .* U.V. / -  

(triplet) 

\ r  ,I \ / \ \?* t - /  (90) c=o+ c=c c=o:+ c-c 
/ / \  / ” /  \ 

trans (singlet) (triplet) 

\to T/ \? t./ 
/ \  / \  

and/or C-C - C-C 

trans cis 

I 
0 -c-0 

\t- f-/ I1 I 1  
/ \ / \  / \ / \  

and/or C-C + C d Ct Ct. 

trans trans 

C- 0 
I 
I 

C ” f  c-f 
-c-0 

I - I  1 + Product 
c-?. c 4  

/ \  / \  / \  / \  
trans CiS 

(93) 

much further clarification of tile mechanism(s) of these oxetane syn- 
theses will be forthcoming. 

I t  has been shown also that a P-alkoxy ketone (222) with ultraviolet 
light will give a five-mcmbered hydroxylated cyclic ether (223) 321, 

OH 
I 

CH3COCH2C(CH,)20CH3 hv z H 3 C 1 - k  

(222) (223) 

(94) 
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and that an unsaturated six-membered ring can be formed from a 
diene and a quinone (equation 9.5) 323. 

V. SYNTHESIS O F  THE LARGER-RING CYCLlC ETHERS 

The reactions and syctheses of tetrahydrofurans and tetrahydropyrans 
have not been extensively reviewed since 1950'l; the synthesis of these 
compounds has been brought slightly up-to-date in an article by 
Topsom* and the books he lists. The major mode of synthesis of these 
compounds has been and still is by diol and halohydrin cyclization, 
but new reagents and new techniques are constantly being introduced. 

A. Nucleophilic Ring Formation 
Newer modes of syntheses have involved the use of a cation exchange 

'resin and diols to give yields of around 80y0323 of tetrahydropyrans, 
furans, and their derivatives; a reaction of a diacetate with f-toluene- 
sulfonic acid and heat324; the action,of sodium hydroxide, sodium sul- 
fate, and heat on diols to give the cyclic. ethers in moderate yields325; 
the reaction of 1,6-dihydroxyhexane with Ca,(PG,), at 320-380" to 
oxacycloheptane in 30% yield along with some smaller ring deriva- 
t i v e ~ ~ ~ ~ ;  the action of an Al,O,-SiO, catalyst at  220-258" on 2-substi- 
tuted diols to give the corresponding cyclic ethers in yields of about 
70% 327 ; the reaction of diols with cyanuric chloride to give cyanuric 
acid and the cyclic ether328; a synthesis using the action of oxalic acid 
on a diol, isomerization also taking place (equation 96)329; and a 
cyclization by the action of dimethyl sulfoxide on the diol 330* 331. The 
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latter system will probably be further developed to raise the yields 
above the present 70% for tetrahydrofuran in 14 h a m ,  4,7y0 for tetra- 
hydropyran in 24 hours, and 24y0 for oxacvcloheptane in 24 hours, 
since the method appears to be simpler than many of the previous 
ones mentioned. Swain 117 has made an important mechanistic study 
of the halohydrin-hydroside ring-closure reaction (see section 1I.A). 

Special syntheses in the higher cyclic ether series are the photo- 
chemical ones mentioned above 331* 322 , hydrogenation of furan 
derivatives with hydrogen and nkkei catalysts 332, hydrogenation with 
Ni-Cu catalysts to give tetrahydrofuran in 95% yield 333, hydrogena- 
tion with a ruthenium catalyst334, a reduction of a y-lactone with 
lithium aluminum hydride to a tetrahydropyran derivative 335, hydro- 
boration of olefins to glycols which subsequently formed tetrahydro- 
furan derivatives 336, rearrangements of tetrahydrofuran dt:rivatives 
with N203 to tetrahydi-opyran derivatives (equation 97) 337, carbene 

reactions with furan and methylene to give a dihydrofuran (234) and 
a tetrahydrofuran derivative (oxalan, 235) 338, a novel diazoketone 

(22.2) (233) (234) Oxalan (235) 

cyclization reaction to give a 3-ketotetrahydrofuran as shown in 
Table 8 339, cyclization reactions of methoxybromo alkanes with FeCI, 
as the catalyst to give quantitzitive yields of tetrahydrofuran and pyran 
and also 75-80% of the 2-akyltetrahydrofuran and 70% of the oxa- 
cycloheptane 340* 341, cyclization of chlorohydroxy alkane to a large 
number of substituted cyclic ethers with sodium and potassium 
hydroxide ;is the base 342, the transformation of cyclic sulfites to 
tetrahydrofuran compounds 343, and various oxidations 344 - 36‘J. 
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TABLE 8. Cyclic decomposition of a d i a ~ o l c c t o n e ~ ~ ~ .  

R yo Yield 

Me 5 
i-Pr 15 
t-Bu 40 
Benzyl 41 

B. Qxidative Ring Formation 
The oxidations are of particular interest because of their vaned 

nature and great importance. One of the oldest is the autoo.xidation of 
hydrocarbons with oxygen and no catalyst 344.345 or with y-irradiation 
initiation 348, where derivatives of all the cyclic ethers are formed. The 
chemistry involved has been reviewed by Fish347. The reaction 
sequence in equations (99) to (101) illustrates the reaction and the 

(99) 
0 2  

Me,CH(CH2)2CHMe2 d Me,CH(CH2)2?Me2 
(236) (237) 

OH 

L 0 2  

Several 
237 + Me2CH(CH& Me2 

(239) (240) 

intramolecular hydrogen-atom, : bstraction involved 344. This same 
type of reaction has been found to result when hypochlorites are de- 
composed in solution (equation 102) 346. 

The treatment of an alcohol under conditions in which cationic 
oxygen is produccd from an intcrmcdiate hypochlorite was utiiized by 
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C ~ r e y ~ ~ O  to prepare a tetrahydrofuran derivative (equation 103). This 
reaction has recently been expanded by using silver cxide and bromine 

.H. 
M e 2 G H  [ H H/eMe] \ .a- + -.. Me@ Me 

__j 
ArS0,CI 

Me Me C,H,N 

(103) 

on an alcohol to give yields of cyclic oxide of over 5071, (equation 
104)351. Instead of the mechanism as shown above with a positive 

(248) (247) (248; 

oxygen intermediate (247), however, a later report has suggested that 
an alkoxyl radical intermediate is involved 352. 

Closely related to the above reactions, especially in light of the last 
comments, are those reactions which involve an intramolecular free- 
radical reaction of a hydroxyl group. The chemistry of this reaction has 
been reviewed in two separate articles which stress the action of 
hypoiodite and lead tetraacetate on an 354. The develop- 
ment of the second reaction, especially in bicyclic compounds, has 
been an area of active interest and the examples in equations (105) to 
(107) illustrate t h i ~ ~ 5 " ~ ~ ~ .  The formation of an acetoxy derivative 

l 4 $ C . E . L .  
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(253) (254) 

(254) when an olefin is used is common and quite usefbl (equation 
107)358. Tetrahydropyran derivatives can be formed as well as the 
five-membered ring359, and the reaction has also shown its utility in 
the synthesis of mcdium-sized ring compounds (256) 260. Moriarty has 

(255) (256) 
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suggested that the activation energy for the cyclization is 6-8 kcal/rnole 
and that reaction sequence (109) is involved with two separate electron 

(257) (259) 

 transfer^^^^^^^^. I t  appcars that this method will be extremely useful 
in preparing bicyclic oxides, especially when one considers the effort 
involved in synthesizing rhem by other methods 362. 

VI. CHEMICAL REACTIONS OF CYCLIC ETHERS 

A. Cleavage of Cyclic Ethers 
A sharp line of demarcation exists between the epoxides and the 

other cyclic ethers because of the general unreactivity of the latter, 
especially in ring-opening reactions involving nucleophiles. Oxetane 
reacts with a Grignard reagent to give the ring-opened product (equa- 
tion 110) 77, but the acid-catalyzed ring openings of the cyclic ethers 

are more common, even though in gencral they do not proceed as 
readily as with epoxidcs, if at all363; 

In  reactions which involve rrucleophilic ring openings, or conditions 
close to this, tetrahydrofuran (259) has becn found to be cleaved by 

tritylmagncsium bromide in 95% yield (equation 11 1) 364, by lithium 
aluminum hydride with added aluminum chloride in good yield 365, 
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with trityl sodium triphenylboron to give the alcohol zfter hydroly- 
sis 366, and with diphenylchlorophosphine (262) plus magnesium to 
give the alkylated phosphorus compound (equation 112) 387. Ger- 

manium and silicon compounds are also able to cleave these cyclic 
ethers367. Diborane (264) will cleave the compounds to give ortho- 
borate esters (265) which can be hydrolyzed to the alcohols368. 369. 

+ B2H6 - B(O-~-BU)~ Hzo > 317-BuOH + H3B03 
(113) 

When the reaction is carried out in the presence of iodine, hydroxy 
iodides are produced (equation 114) 370. 

Catalytic corrversions usually involve a transformation to a carbonyl 
compound at the same time. These reactions have been studied exten- 
sively by Shuiken and his coworkers in R u s ~ i a ~ ~ l - ~ ~ ~ .  When tetra- 
hydropyran and its derivatives are treated with 10% Pd-C at  300- 
350°, the aldehyde (from tetrahydropyran) or corresponding ketone is 
produced in 70-80% yield (equation 1 15) 371* 378. Derivatives of 

oxetane form a mixture of hydrocarbons and carbon monoxide under 
the same conditions (equation 116) 373. When R was cyclohexyl the 
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r g  & RCH2CH3 + RCH=C1i2 + CO (IlSj 

yield of alkane and alkene was 70 and 30%, respectively. A Ti0,- 
Al,O, catalyst was found to split out formaldehyde to give olefinic 

poducts374-378, and a Cu-Al alloy with hydrogen gave the coi-res- 
ponding primary alcohol (274) in preference (80-950/,); a Ni-Al 
catalyst gave a mixture (equation 1191, with appropriate cyclic 
ethers 377. 

The acid-catalyzed ring opening of the cyclic ethers with TiCI,, 
SbCl,, and PBr, gave the appropriate dihalides in 70-75, 50-55, and 
90% yields, respectively 379, AlCl, with benzece (involving alkylation 
of the latter) gave a y-phenylalcohol 380, ZnCl, plus inethanesulfonyl 
bromide yielded a mixturc of products containing diethers and di- 
bromides 381, thiourea gave a hydroxy mercaptan 389, chloro silanes 
gave a chloroalkoxy silane 383, lithium chloride and BF,. with acetic 
anhydride gave chloroalkyl acetates only when lithium chloride was 
added384, and PCl, and ZnC1, gave dihalides and chloroalkoxydi- 
chloro phosphines 386. 
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B. Intaet-ring Reactions 
The zhemical reactions of the intact ring are still few in number. 

Oxidation of tetrahydrofuran with R u 0 4  in CC1, affords the lactone 
in quantitative yield 386, and dehydrogenation OF 3,4-diphenyltetra- 
hydrofuran with sulfur gives the corresponding furan 387. The replace- 
ment of the oxygen in tetrahydropyran and in 2- and 3-alkyltetra- 
hydropyran with sulfur occurs in yields of 50-70% when a 
Tho,--Al,O, catalyst and hydrogen sulfide are used a t  300" (equation 
120) 3813.38L. 

C. General and Special Reactions 
The chemical reactions of substituted tetrahydrofurans are of inter- 

est for the knowledge they give on the character of the ring. The 
reactions of tetrahydrofurfuryl alcohol are quite important, cspecially 
the rearrangement of the alcohol to dihydropyran 390 (reaction 12 1). 

(278) (279) 

The appearance of the labeling in the 6-position (279) would not be 
predicted, especially in the nonstatistical amount found. A mechan- 
ism for this process could be that in equations (122) and (123) The 

(123) 

(281) (282) (279b) 
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pyrolysis of the benzoate of the same alcohol gave a ring-opened 
product (285) 391. When the corresponding acetate is treated with 

CH3CH=CHCOCH3 + C6HSC02H 

(285) (286) 

ZnCl,, 3-acetoxytetrahydropyran is produced 392. The forniation of a 
Grignard reagent from the bromide (287) gives an unexpected product 

OH 
1 

in 80% yield393 (reaction 125). I t  was suggested that the reaction in- 
volved a tautomerization to an open-chain compound which gave the 
reaction and ultimately the product. It would seem that the reaction 
is much more complcx than was suggested. 

A novel type of reaction is depicted in equation (126) 394. A kinetic 
study indicated that neighboring-group participation was involved, 
and it is of considerable interest that the tetrahydrofuranyl group was 
two to three times better than the methoxy group in participation 394. 

The kinetic details are given in Table 9. 
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TABLE 9. Rates of so!volysis of brosylatec csters in acctic acid3e*. 

Compound Temp. ("c) 10v (scc-1) 

~ ~ C H , O S ,  80 0.094 

80 (50) 188 (12) 

80 0.0 139 

50 4.58 

a Erosylatc = p-bromobcnzcncsulfonate. 

I t  is possible to replace an a-halo atom with a strong nucleophile, 
thus reaction < 127) occurs with the 2-chlorotetrahydropyrans and 

(292) (293) (294) 

-furans in yields of about 60% 395. A similar reaction is that of a Wittig 
reagent (296) on a hydroxy ether, which reacts as the aldehyde396. 
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Carbene insertion may take place on the 01 hydrogen (equations 129 
and 130) 397. The main product from these reactions (301 and 304) is 

(129) 

35% 65% 
(298) (299) (300) (301) 

the result of the normal mode of attack on the unsaturated linkage. 
Thus, the addition of a carbene to both the 2,3- and 3,4-positions (cf. 
equation 98) of the five-membered ring cyclic ether is authenticated, 
and has been found to occur with both the 2,3- and 3,4-posiSons of the 
six-membered ring cyclic ether to give the corresponding cyclopropyl 
compounds398* 399. Unsaturated pyrans and furans have also been 
found to undergo hydroformylation 400, to add HOCl to give mixtures 
of products401, and to react with alcohols with acid catalysis to give 
moderately stable a c e t a l ~ ~ ~ ~ .  

D. Free-radical Reections 

The final type of reaction of the cyclic ethers (excluding epoxides) 
which will be discussed are their free-radical reactions. I t  can be pre- 
dicted, by consideration of transition states 305 and 307, that the atom 

(259) (305) 
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which should undergo reaction is the c( hydrogen. The products of the 
reactions bear out the prediction. The use of free-radical reaction;; in 

preparativc organic chemistry has been the subject of a bo0k4O3, how- 
ever, little of the details now available on the cyclic ethers are included 
in it. 

The free-radical reactions of cyclic ethers can bc divided into two 
types, those that replace a hydrogen with a heteroatom and those that 
place an alkyl group in the a position by an olefin-addition reaction. 

The replacement of hydrogen occurs with oxygen and ultraviolet 
light to form the lactone404. Some researchers believe that the ultra- 
violet spectrum of the reaction mixture indicates that a molecular 
charge-transfer complex is formed between the ether and oxygen 404. 

Alkoxy groups can be introduced by Lawesson's method (equation 
133) 405. When an alcohol and copper chloride are added to the reac- 

tion mixture, the alcohol replaces the t -bu~j l  group in the product 
(equation 134)*06. The yields of this type of reaction are given in 

(134) 
+-C,jH~C03-t-Bu + EtOH '"'' + 

Table 10. When a substituent is present on the 01 carbon, the hydrogen 
on the same carbon is the free-radical chain-transfer atom (equation 
135). In comparison, when the above reaction is conducted below 35" 
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TABLE 10. Yiclds of products from perestcr a l k o x y l a t i o n ~ ~ ~ ~ .  

42 7 

Added alcohol With tctrahydrofuraii With retrnhydropyran 

Ethyl 
Isopropyl 

Hcsyl 
t-Butyl 

40 
44 
57 
52 

38 
38 
30 

and with copper ions or copper and ultraviolet light present, the 
product is the corresponding a-acyloxy compound (315) in about 35% 

yield407. A review article has been published on these reactions by the 
major researchers in the field 408.  

Horner and his coworkers 409 discovered thc free-radical replace- 
ment of hydrogen with halogen in cyclic ethers, when they were con- 
ducting a mechanistic study of the chlorination of ethers and traces of 
oxygen were present. Ultraviolet light readily catalyzes the reaction 
at  - 30 to - 40" and gives some 2,5-dichlorotetrahydrofuran 410. I t  
was also found that some attack would occur in the 3-position when the 
2-position was chlorinated (equation 137) 411. Copper chloride with 

ultraviolet light was found to give chlorination amongst other reac- 
t i o n ~ ~ ~ ~ ,  and cyanogen chloride was found to give a mixtare of 
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cyano ethers413. The yields of the products (equations 138 and 139) 

were increased greatly by the addition of acetone, which brings out the 
free-radical chzracter of the reaction very adequately 413. 

The free-radical alkylation of cyclic ethers was first illustrated by 
Huyser 414. He showed that 2-methoxytetrahydropyran (326) would 
rearrange to methyl valerate (325) in about 40% yield with an alkyl 

Peroxide (140) 
<Peroxide Q, CH,=CHC,H,~> 

OMe H 

(325) 

peroxide catalyst. When an olefin, such as 1-octene, was present h e  
product was methyl tridecanoate (328). The reaction involves a novel 
ring opening, illustrated in equation (141), which occurs via a chain 

(326) (328) 

mechanism414. It was shown that a cyano olefin would also alkylate 
the ct carbon, but with no ring opening415. Gritter and Wallace416 
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found that alkylation of tetrahydropyran, tetrahydrofuran, and oxe- 
tane to form ketones occurred to different extents and that there was 
another ring opening involved (equation 142). This second ring- 
opening reaction was somewhat similar to that discovered by Huy- 
scr414, but involved a hydrogen-atom shift (equation 143). I t  was 

aH2 RO- flH -0 
> rd" = flo 

(3293 (3301 (331) 

(332) (333) 

CeH1aCU = CHa 

Several step.; 
333 - CHs(CH2),COCH2CHS (144) 

(334) 

suggested that the differences in the yields of products (41% from the 
six-membered ring cyciic ether, 39% from the five-, and 14% from the 
four-) depended on the ease of formation of the initial free radical and 
data on this are given in Table 11 416. The data indicate the ease of 

TABLE 11. Ease of formation of free radicals from the 
cyclic ethersa416. 

Reacrznt Reactivity relative to benzenea 

Cyclohexane 
Benzene 
Toluene 
Oxetanc 
Tetrahydrofuran 
Tetrahydropyran 
1,2-Epoxybutane 
Styrene oxide 
Propylene oxide 

25.0 
1.0 

10.7 
1-4 

15.7 
15.0 
2.7 

11.3 
1.1 

a Thesc data were obtained by measuring the ratio of 1-butyl 
alcohol to acetone formed when t-butyl peroxide was decomposed 
in the neat compounds. 



430 11. J. Gritter 

formation of a radical, such as 329. A second reason relates to the ener- 
getics of the transition states for the hydrogen-atom shift rearrange- 
ment, where a four-, five-, and six-membered ring is involved. The 
three transition states are illustrated in structures 335, 336, and 337, 
and based on thermodynamic considerations the stability order is 
335 > 336 > 337416. 

‘,b 
(335) (336) (337) 

In addition to the additions of cyclic ethers to 1-octene iilustrated 
above, tetrahydrofuran has been shown to add to ethylene at high 
temperatures to give 21 yo of product 417, and 2-methyltetrahydro- 
furan was alkylated in the same way to give the 5-ethyl product and 
2-pentanone *18. The same workers also showed that the reaction 
occurs with a peroxide catalyst 419. Tetrahydrofuran could be alkylated 
with maleic anhydride and a peroxide catalyst to give a high yield 
(70%) of adduct, however, tetrahydropyran would not alkylate under 
these conditions420. Acetylene will add about as well as an olefin 6 
give the 2-vinyl product from both tetrahydrofuran and tetrahydro- 
~ y r a n ~ ~ l .  No ring-opened product was isolated from these last two 
examples nor fiom the ultraviolet light-initiated addition of the same 
cyclic ethers to an olefin422. 

One final example which should be mentioned to indicate that free- 
radical addition does not always occur is the failure of reaction 
(145) 423. It was thought that the energy required for the initial step 

was too great for the reaction to occur under the conditions used. 
Others have subsequently reported that the bridgehead carbon- 
hydrogen bond is quite strong424. 
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1. lNTRODUCBlON 
One of the earliest recorded methods for the formation of the ether 
linkage goes back to 1514, when Valerius Cordus’ described the pre- 
paration of ethyl ether from ethanol and oil of vitriol. 

The pioneering work of Alexander William Williamson in the period 
1850-1860 not only established the correct formula of ethyl ether but 
also contributed a very important method for the synthesis of ethers; 
namely, the reaction of alkoxides with alkyl halides. Since its inception 
more than 100 years ago, the utility of this method has become well 
documented by a continuous flow of publications in which the 
original procedure has undergone considerable modifications. 

The discussions in this chapter deal mainly with recent dcveloprnents 
in the synthesis of ethers. These also include mechanistic considera- 
tions whenever they may serve to clarify and predict conditioiis 
advantageous to the formation of the C-0-C bond. 

The  formation of a-haloalkyl ethers, ethynyl ethers, vinyl ethers, and 
the addition of alcohols and phenols to olefins have not been considered 
in this chapter, becauw they have been treated adequately elsewhere”. 

81. NUCLEOBHlLlC SUBSTlTUTION§ 

A. Reactions of Aikoxides with Aiky/ Halides 
Conversion of an alcohol into an effective nucleophile, which dis- 

places a good leaving group from some other substrate, constitutes one 
of the important methods for forming the C-0-C bond (equation 1). 

R’O- + R2X --+ R 1 0 R 2  + X- (1) 

I n  the preparations of simple and mixed ethers from alkyl halides 
a d  alkoxides, the original procedilre of M’illiamson2 has undergone 
many variations both with regard to the preparation of the akoxides 
and ,vith rcgard to the reaction medium. 

Reactions are carried out with preformed alkoxides in inert solvents, 
or in an excess of the alcohol in which the halide is dissolved, or in 

3: Sec references 175-183. 
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liquid ammonia3. In  general, higher yields are obtained in the latter 
solvent with metal phenolates, which are more soluble than metal 
alcoholates and induce less dehydrohalogenation in the alkyl halides. 
Nkyl bromides afford higher yields of ethers because they are more 
reactive than alkyl chlorides and are less susceptible to dehydrohalo- 
genation than alkyl iodides. Also, an improvement in yield is realized 
at  elevated pressures (Table 1)'. 

TABLE 1. Preparation of ethers in liquid ammonia. 

Mas. 
pressure % 

R in RON3 hlkyl  halide Time (h) (atm) Yield 

Bu 
BU 
Am 
Am 
Am 
Am 
Am 
Am 
Ph 

BuBr 
BuBr 
AmCl 
AmBr 
AmBr 
Am1 
BuCl 
BuBr 
AmBr 

1 1 
1 10 
2 2.7 
2 2-7 
5 2.7 
2 2-7 
2 3 
2 3 
2 3 

8 
28 

3 
32 
33 
17 
0 

28 
45 

The liquid ammonia method has been adapted for the alkylation of 
carbohydrates5 and is claimed to be superior to the reaction with silver 
oxide and alkyl iodide6 or dimethyl sulfate and alkali?. 

Various mcthods are employed to convert higher molecular weight 
alcohols into their salts. These include the use of sodium hydridc and 
sodium amide9, or the refluxing of sodium or potassium in high-boil- 
ing solvents such i l s  benzenelO, dioxane12, or xylene l3 with 
the mixture of alcohol and alkyl halide. In  some cases, sodium naph- 
thalene l4 is employed. 

The correct choice of the alkyl halide-alcoholate combination is 
often critical for successful ether preparations. Kirner l5 has found that 
while the reaction of furfuryl chloride with a number of alcoholates 
affords ethers in high yield, tetrahydrofurfuryl chloride does not react 
under the same conditions. On the other hand, mixed ethers are read- 
ily obtained with the combination tetrahydrofurfuryl alcohol-alkyl 
bromide 16. 

The usual method for preparing optically active ethers by the 
reaction of an alkyl halide with alkali alcoholates leads in the case of 
phenyl methyl carbinyl ethers to partially racemized products 17. This is 
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caused by partial racemization of the alcohol in the conversion into the 
alcoholate 18, especially in the presence of traces of oxidizing agents 19. 
By employing the procedure of Purdie in which alcoliols are converted 
into ethers with an aikyl iodide-silver oxide mixture, Mislow20 pre- 
pared optically pure ethyl a-methylbenzyl ether. Also, Streitwieser a1 
converted ( + )-Z-octanol and ( + )-Z-butanol to the corresponding 
ethyl ethers in high optical purity by using ethyl bromide. But this 
procedure caused some racemization in the conversion of benzyl-a-d 
alcohol into its ethyl ether. The highest optical rotation for ethyl 
benzyl-a-d ether was obtained from benzyl-a-d tosylate and alcoholic 
sodium ethoxide 22. 

In  the preparation of ethers, in which secondary or tertiary alkyl 
groups are involved, difficulties are encountered because of side-reac- 
tions, mostly of die E2 type. These can be minimized in mixed ether 
preparations by employing secondary or tertiary alcohols as the nucleo- 
philes. This procedure is not applicable to the synthesis of simple 
ethers such as di-t-butyl ether, but the reaction between t-butyl chlor- 
ide and silver carbonate leads to t-butyl ether in 35% yield23. More 
convenient methods involve the acid-catalyzed condensation of 
2-butyl alcohol or isobutylene with the corresponding alcohols 24 and 
the reaction of t-butyl perbenzoate with Grignard reagents 25 (see sec- 
tion 1V.B). 

5. Reactions of Aryl Qxides with Alkyl Halides 

Procedures for alkylating phenols follow largely those of alcohols 
except that weaker bases call be employed because of the higher acid- 
ity of phenols. The method of ClaisenZ6 which is especially suitable 
with the more reactive alkyl halides, such as allylic halides, has been 
used=extensively (reaction 2). By this method White and coworkers27 

K a C G  
p-CIC,H,OH + CH,=CHCH2Br ----+ p-CIC,H,OCHzCH=CH~ 

CHjCOCH. 

have prepared in high yield a number of alkyl para-substituted phenyl 
ethers. 

The reaction of phenols with halohydrins29 and with dihaloal- 
kanes2s in ethanolic sodium ethoxide constitutes a convenient route to 
aryloxy alcohols and aryloxy alkyl halides; and the higher reactivity 
of one of the chlorine atoms in 1,l ,2-trichloro-2,2-difluoroethane has 
been utilized to prepare a number of 1-aryloxy-1 , l-difluoro-2,2-di- 
chloroethanes 30. 
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A novel procedure for preparing benzyl ethers at room temperature 
by converting substituted phenols into phenolates with strongly basic 
anion-exchange resins such as IRA-400 and Dowex 1-X4 is due to the 
work of Rowe and coivorkers 31. Both column and batch techniques are 
applicable. 

The preparation of alkyl pici-yl ethers from silver picrate is success- 
ful at  0" with the C,-C, iodides, the n-butyl, isobutyl, and isoamyl 
iodides, and also at  - 60" with isopropyl iodides2. Surprisingly, the 
reaction is unsuccessful with 2-butyl, n-pentyl, and 2-pentyl iodide and 
gives rise to picric acid. This acid is again the sole product when alkyl 
bromides are employed as the alkylating agents. 

Reactions of polyhydric phenols with alkyl iodides and alkali lead 
to oxygen- and carbon-alkylated products 33 and in the case of phloro- 
glucinol the only product is the completely methylated 1,3,5-tnoxo- 
2,2,4,4,6,6-hexamethylcyclohexane. However, by keeping the reaction 
mixture acidic during the addition of sodium methylate, 1,3,5-tri- 
methosybenzene is obtained. As shown by W e n k e ~ - t ~ ~ ,  mixtures of 
oxygen- and carbon-alkylated products can also result with mono- 
hydric phenols. The reaction of sodium 2-naphthoxide with methyl 
iodide in toluene gives preponderantly 1-methyl-2-naphthol, and with 
n-butyl bromide both oxygen- and carbon-alkylation products are 
obtained in a 1 -4 : 1 ratio. 1,l -Dimethyl-? ( 1 H )  -naphthalenone is the 
major product (88% yield) from sodium 1-methyl-2-naphtlioxide and 
methyl iodide (reaction 3). 

4% 

Factors which influence oxygen- against carbon-alkylation in reac- 
tions of monohydric phenols with alkyl and the highly reactive ally1 
and benzyl halides have been studied extensively by Kornblum and 

I ~ + c . E . L .  
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coworkers 35 and their important contributions and conclusions will be 
discussed in section 1I.H. 

C. Reactions of Allcoxides with Aryl Halides 
The displacement of halogen in aromatic compounds by alkoxide 

usually requires high temperatures, and the resulting ethers are ob- 
tained in low yield. More favorabie results are obtained with poly- 
halobenzenes in which the combined inductive effects of the halogens 
are operative. The reaction of 1,3,5-triclilorobenzene with excess alco- 
holic sodium ethoxide for 50 hours at  170" affcrds 3,5-dichloro-1- 
ethoxybenzene and 5-chloro- 1,3-diethoxybenzene (yields unstated) 36. 
Nucleophilic attack on hexachlorobenzene is highly accelerated in 
such solvents as pyridine, picolinc:, and lutidine. For example the reac- 
tion time with sodium methoxide, which in refluxing methanol requires 
one hour, is reduced to one minute, affording goo/, of l-methoxy-2,3,4,- 
5,6-pentachlorobenzene 37. Due to the combined inductive effect of the 
fluorine atoms, hexafluorobenzene is about 10 times more reactive 
than fluorobenzene 38 at 50" in the bimoiecular reaction with sodium 
methoxide, and the energy of activation of the former is about 
10 kcal/mole lower 39. 

The displacement of halogen on the aromatic ring by nucleophiles 
is greatly facilitated by the presence of electron-withdrawing groups 
in the ortho and para positions. In the preparations of nitrophenyl 
ethers, low concentration of the alkoxide and temperatures below 70" 
lead to high yields. In  concentrated solutions and at higher tempera- 
tures the reducing action of alkoxides 3n the nitrohalobenzenes be- 
comes prevalent and azoxy compounds are formed 40. The reducing 
action can be inhibited by oxidizing agents such ;is manganese di- 
oxide 41. The triluoromethyl group also facilitates the substitution of 
chlorine by alkoxide, and the order of reactivity of the variocs com- 
pounds investigated is 42 : 

2,4,6-(CF3)3CaHzCl > 2,4-(CF3)2CsH3Cl > 2.6-(CF3)2CGH3Cl > 2,5-(CF3)2CGH,Cl > 
4-CF3C~H.~Cl > 2-CF3CbH4CI > 3-CF3CsH4C1 z 3,5-(CF,),C,H,CI 

The rate of replacement of halogen by methoxide in methanol in 
o- and p-nitrohalobenzenes and in 2,4-dinitrohalobenzenes decreases 
in the order F > C1 > Br > 143. I n  the presence of triethylamine, 
primary alcohols react exothermically with 2,4-dinitrofluorobenzene 
(reaction 4) while higher temperatures are required with secondary 
and tertiary alcohols *'. Compound 1 is much more reactive with alco- 
hols and phenols in the presence of potassium fluoride than in other 
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bases. The reaction proceeds essentially in neutral medium and the 
yield is almost quantitativ’e. (Table 2) 45. 

TABLE 2. Ether formation from 2,4-dinitrofluorobenzenc (1) with 
various alcohols and phenols according to cquation (4). 

R in ROH 

Ethyl 
Octadecyl 
1-Naphthyl 

p-Isooctylphenyl 
o-Diphenyl 
p-Diphcn yl 
o-Carboxymethylphenyl 
N-Phenyl- 1,2,3,4-tctrahydro-3- 

2-N~phthyl 

quinolinyl 

1 
5 
0.5 
0.5 
0.5 
0.5 
0.5 
1 
5 

93 
81 
97 
93 
95 
99 
95 
95 
79 

Although nitro groups in the meta positions do not exert much activa- 
tion on halogen atoms, the situation is different in 1,3,5-trinitroben- 
zene. Here one of the nitro groups is readily substituted by alcohols in 
strongly alkaline media46 or at  rather mild basic conditions in 76% 
aqueous methanol in the presence of either sodium or potassium 
bicarbonate or sodium carbonate 47. The failure of other weak bases to 
catalyze the reaction indicates that the bicarbonate and carbonate ion 
play a specific role in the displacement reaction. I t  was suggested that 
the course of this transformation is analogous to that presented by 
B ~ n n e t t ~ ~  for the von Richter reaction. The essential feature of the 
mechanism is the nucleophilic attack of bicarbonate ion on the position 
ortho to the nitro group to give a Meisenheimer type o-quinonoid inter- 
mediate which undergoes subsequent transformations to the final 
product (reaction 5). Recently, Rosenblum 49 has proposed a modi- 
fication for the mechanism in the von Richter reaction in order to 
account for the fact that nitrogen is a product of the reaction. But this 
modification does not seem to be applicable to the case under dis- 
cussion. 
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Aky-1 2,4-dinitrophenyl ethers undergo transetherification in basic 
media with alcohols in the C,-C, range and with polyyhydric alco- 
h o l ~ ~ ~ .  The reaction is reversible when R1 is alkyl but irreversible 
when R1 is aryl (reaction 6). The rate of formation of phenol in the 

irreversible eschar.ge betweer; 2,kiinitrodiphcnyl ether and meth- 
oxide ion is proportional to the product of the concentration of the 
original ether and methoside. Electron-w-ithdrawiing groups in the 
4‘-position increase the rate, wS.iIe electron-donating groups in the 2’- 
or 4’-Fosition of the pheq-1 group decrease it. The effect of the substi- 
tuent on the rate coefficient satisfies Hammett’s equation, giving a p 
valuc of +- 146  ? 0*04”. The d2t2 can be explz&~ed by the formation 
of an activated coniples (3). .4n electron-attracting group Y would not 
only speed up the formation of the comples but would also accelerate 
fission of- the carbon-oxygen bond (x) because of the bond-weakening 
effect on (XI. 
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A solid red-colored intermediate of the type 3 was isolated by 
Meisenheimer 52 on treating either 2,4,6-trinitroani;ole with potassium 
ethoxide or 2,4,6-trinitrophenetole with potassium methoxide (rcac- 
tion 7). The possibility of such covalent compleses being true inter- 

mediates in aromatic SN2 type processes has been considered by many 
investigators and the subject has recently been discussed in detail 53. 
Based on a low-temperature ( - 60 to - 80") kinetic study by optical 
methods, the formation at  a fast rate of a charge-transfer complex 
which rearranges in a slow step to the Meisenheimer complex, has 
been suggested 54 in the reaction between 2,4,6-trinitroanisole and 
sodium ethoxide. But based on recent nuclear magnetic resonance 
studies, Servis 55  is of the opinion that initially the unstable anion (4) is 
formed in the reaction between 2,4,6-trinitroanisole and sodium 
methoxide in dimethyl sulfoxide, which then rearranges very repidly 
to the Meisenheimer-type complex (reaction 8). The apparent first- 
order rate coefficient for the rearrangement at 30" is 4 x sec-l. 

On the basis of nuclear magnetic resonance spectra, Crampton and 
Gold 56 have also ruled out the formatior, of charge-transfer complexes 

NO, 
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in reactions of methyl +crate or 1,3,5-trinitrobenzene with methanolic 
potassium methoxidc. They concludc that the products of these reac- 
tions have the structure of covalent complexes. 

D. Reactions of Asyl Qxides with AryC Halides 
The disp!acement of halogens by the action of aryl oxides on aryl 

halides mually requires temperatures above 300" in the absence of 
catalysts and is not practical for the preparation of diary1 ethers. 
Ullmann's discovery 57 ofthe catalytic effect ofcopper powder, especially 
with aryl bromides, has widened the applicability of this reaction, and 
t?x subject has been surveyed in detail by U n g n a ~ l e ~ ~ .  Usually a cata- 
lyst is not needed with activated aryl halides. The reaction of o- or 
p-chloronitrobenzme with potassium phenoxide in water affords the 
corresponding ethers in good yield, but no ether is obtained if the 
phenolate part contains a nitro group59. According to equation (9), 

OK CI 

bis (nitrophenyl) ethers are obtained in high yield in dimethylforma- 
mide as a solvent (Table 3) Go. The limitations of this reaction are Gat  

TABLE 3. Preparation of bis(nitrophcny1) ethers according to 
equation (9). 

Nitrophenoxide Nitrochlorobcnzenc Reaction time (h) yo Yield 

0 

P 
P 
m 
m 

~~ ~~ ~ 

18 72 
4.5 61 

16 79 
1 73 
5 60 

dry potassium nitrophenolates must be used and that sodium salts may 
not be substituted for potassium salts. With potassium 3-nitrophen- 
oxide and 3-nitrochlorobenzene the ether was not obtained; instead, a 
small amount of a reduction product, 3,3'-dichloroazobenzene, was 
isolated. 
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Substituted 2,4-dinitrophenyl ethers of monohydric and dihydric 
phenols are formed in high yield from 2,4-dinitrofluorobenzene (reac- 
tion 4) in acetone with catalytic amounts of triethylamine61. This 
method is recommended ?or the characterization of phenols, and con- 
stitutes an improvement over previous procedures which are based on 
the reaction of phenols with 2,4-dinitrochlorobenzene c2. Conversion 
of phenols into sodium phenolates with sodium hydride in benzene and 
subsequent addition of 1 and dimethylformamide also leads to substi- 
tuted phenyl ethers in excellent yield63. 

E .  Reactions of Aryl Oxides with Diphenyliodonium Salts 
The high susceptibility of diaryliodonium salts to nucleophilic 

attack has been utilized to prepare, under relatively mild reaction 
conditions, diphenyl ethers in which the aryl group does not require 
activation by electron-withdrawing substituents (reaction lo) 64. Reac- 

I 
R2 

(7) 

tions with different salts of 5 (X=Br-,  C1-, and ClO,) and 6 (R1, 
R2, R3 = H) gave 7 (R, R1, R2, R3 = H) in yields of 72, 66, and 
65Oj,, respcctively, indicatiag that the associating lons do not compete 
with the phenoxide ion. High yields of 7 arc obtained on reflux- 
ing equimolar amounts of 5, 6, and sodium hydroxide for 24 hours 
(Table 4). 

The mechanism of the hydrolysis of diaryliodonium salts has been 
investigated exten~ively~~.  Results with unsymmetrically substituted 
phenyliodonium salts have shown that the direction of cleavage is un- 
affected by the nature of the substituents, the solvent, catalysts, and 
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TAULE 4. Preparation of substituted diary1 ethers according to 
equation (10). 

7 

R 6 R R1 R3 R3 % Yield of 7 

H Isovanillin H OiMc CHO H 84 
Me Phenol Mc H H H 86 
M e  Guaiacol Me OMc H H 64 
Me Vanillin Me OMe H CHO 63 
Me Isovanillin Me Oh4e CHO H 65 

the associated anion. Hydrolysis is retarded by acid and strongly cata- 
lyzed by cuprous ion, but this does not change the product composi- 
tion. These observations are not consistent with an sNl or S N 2  process 
and it seems likely that a homolytic mechanism is involved in the 
hydrolytic cleavage of the carbon-iodine bond. 

F. Alkylations with Dialkyl Sulfates und Arylsulfonic Esters 

Activation of the hydroxyl group is usually a prerequisite for obtain- 
ing gocd yields in the alkylation of alcohols with dialkyl sulfates. For 
example acetylenic alcohols react under relatively mild conditions 66. 

Higher rcaction temperatures and anhydrous conditions are required 
with unactivated alcohols, and employment of magnesium alcoholates 
has led to good yields of the methyl and ethyl ethers of C&, alco- 
hols 67*  68. Alkylation of C,-C, sodium alcoholates with di-(F-fluoro- 
ethyl) sulfate at 100" leads to /3-fluoroethyl alkyl ethers in 5 6 6 7 %  

In  contrast to alcohols, the etherification of phenols proceeds quite 
readily with dialkyl sulfates. The reactions are exothermic, and cx- 
ternal heating is usually not required70. 

Alkylation of alcohols with esters of arylsulfonic acids has found 
some application, but depending on the nature of the alkyl group the 
elimination reaction, leading to olefins, may become more important 
than the substitution reaction. Olefin formation can sometinies be 
decreased if the correct ester-alcoholate combination is employed. 
Isopropyl propyl ether is obtained in 55:/, yield from propyl benzene- 
sulfonate and sodium isopropoxide, while the reverse combination only 
affords the ether in 27% yield?'. Conversion of 2-methyl-I-butanol 
into its sodium salt with sodium hydride in a refluxing mixture of 
xylene and t-butyl alcohol, and addition of methyl tosylate, gives 

yicw9. 
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methyl ether in 45% yield72. Ethylene glyccl is converted into the 
mono- and dioctadecyl ethers in yields of 56 and 25% on treatment 
with n-octadecyl tosylate in the presence of sodium carbonate at 
170-185" for 4 hours. The octadccyl ethers of 1-butanol (60y0), 
1-octanol (67%), 2-octanol (30%), 1-octadecanol (67%) , and benzyl 
alcohol (40%) are prepared similarly 73. 

Etherification of phenols with alkyl aryl sulfonates has found wide 
application, and usually higher yields are obtained with primary than 
with secondary alkyl esters7*. Phenol and butyl tosylate in 10% 
aqueous sodium hydroxide give butoxybenzene in 73% yield75 and 
under similar conditions, 2-methyl-5-nitrophenol is converted into 
C,-C, ethers (Me 600/,, Et 52%, Pr 72%, Bu 70%, and Am 73%)''. 
By taking advantage of the lower reactivity of the chlorine atom in 
nucleophilic displacements, the /3-chloroethyl group has been intro- 
duced into phenols and naphthols. Yields are as high as 80% and very 
little of the diphenyl and dinaphthyl ethylene ethers are formed 77. 

G. Etherification in Acidic Medium 
The formation of ethers by the dehydration of alcohols only occurs 

in the presence of acids; it is especially suitable for the synthesis of 
mixed ethers in which one of the radicals is tertiary and the other 
primary. The role of the acid is to convert the hydroxyl group of the 
alcohol into a better leaving group by formation of an oxonium salt. 
The ether is then formed by the nucleophilic attack of an alcohol 
molecule on the salt in a bimolecdar reaction, as in the case of normal 
primaiy alcohols, or in a unimolecular reaction when tertiary, allylic, 
acetylenic, and aryl alcuhols are involved. Secondary alcohols undergo 
reaction by either the SN2 or S,l mechanism (reaction 11). 

I t  is uncertain whether, in the preparation of ethers from primary 
alcohols and concentrated sulfuric acid, the acid functions only as a 
catalyst or whether alkyl hydrogen sulfates are actually formed as inter- 
mediates which, on subsequent nucleophilic attack by alcohol, are 
converted into the ether. Diethyl ether was obtained in 95% yield 
when ethanol was passed through concentrated sulfuric acid at 140", 

1 .5s 
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and only in 70% yicld whcn the acid was replaced by cthyl hydrogen 
sulfate. Morcover, sulfur dioxide was evolvcd in copious amounts 24. 

T h e  case of concentrated sulfuric acid might bc uniquc and certainly 
does not carry over to dilute sulfuric acid or to thc many Lewis type 
acids which arc being cmployed as catalysts. For o-amplc thcre was 
no evidence of alkyl hydrogen sulfate formation when ethanol alone or 
mixed with t-butyl alcohol was treated with 15% sulfuric acid at TO", 
although the mixture gave a quantitative yield oft-butyl ethyl ether24. 
Furthermore, Van Alphen 7 8  established that hydrochloric acid is an 
excellent catalyst for the preparation of diethyl ether under conditions 
at which ethyl chloride does not react with ethanol. 

A succcssful synthesis of an ether is very often dependent upon the 
proper choice and amount of the catalyst, the reaction temperature, 
and experimental pro~edure'~.  111 the preparation of mixed ethers, 
containing t-butyl and primary alkyl radicals, Norris and Rigby 24 

established that 15% sulfuric acid, an excess of thc primary alcohol, 
and removal of the ether-water azeotrope during the reaction gave the 
highest yield of t-butyl alkyl ethers (Me 9576, Et 95%, Pr 68%, and 
Bu 52%). A higher concentration of sulfuric acid was necessary to 
obtain mixed ethers with primary-secondary alcohols, but simp\e 
ethers also formed and the overall yield was low. On the other hand, 
the synthesis of t-butyl isopropyl ether was successful (82% yield) when 
sulfuric acid was replaced by sodium hydrogen Aulfate and t-butyl 
alcohol was very slowly added to the hot reaction mixture. 

Cationic-exchange resins have been used successfully in place of sul- 
furic acid for preparing simple ethers froin primary alcohols. Swisrak 
and Mastagli by employing elevated pressures with alcohols bciling 
below loo", obtained C&,, simple ethers in yields ranging from 60 
to 80%. Similar results are reported by Shuikin and coworkers8' with 
alcohols in the C,-C,,3 range. But negligible amounts of ether resulted 
from secondary alcohols, the major product being olefirs 80. 

Etherification of alcohols in which the cationic intermediate is 
stabilized by mesomerism is accomplished upder rather mild condi- 
tions. However, rearrangements have been reported 8 2 .  83 to occur with 
alcohols such as 174-hexadien-3-ol and 4-hexen- 1 -yn-3-01 which, on 
treatment with methanol and dilute sulfuric acid, gave 5-methoxy-l,3- 
liesadiene and 5-methoxy-3-hexen-1 -yne, respectively (reactions 12 
and 13). 

OH OCH,  
w,on I 

&SOI H~C=CH~HCH=CHCH~ j H,c=cHcH=CHCHCH, (12) 
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OH OCHn - 
I C H 3 0 H  1 .  

HCZECCHCH=CHCH~ __f HCrCCH=CHCHCH, 
H Z S 0 1  

Examples of facile ether formation from ally1 alcohols are the quanti- 
tative conversion of 2-cyclopentefiol into 2,2'-dicyclopentenyl ether 
at  room temperature in the presence of catalytic amounts of hydro- 
chloric acid and the preparation of ethers from cr,cr,y,y-tetraalkyl- 
ated t-ally1 alcohols and a catalytic amount of dilute sulfuric acid at  
room temperature (reaction 14 and Table 5) 

TABLE 5. Preparation of ethers from aIlyl alcohols according to 
equation ( 14). 

Alcohol 

R1 

% Yield of products 

R" 

Me Et Pr Bu i-Bu i--4m Ally1 

-- 

CH3CHa 70 60 42 45 - 43 53 
78 60 63 51 - - - 
68 58 48 41 - - - 

CH3 (Ch'2L 

83 68 63 45 40 35 67 
CBH5CH2 79 60 48 - - 65 

CH3(CH'2)3 
(CH3)2cH(CH2)'2 

- 

The various methods by which phenyl carbinoIs are etherified have 
largely come from investigations which were primarily concerned with 
the existence of carbonium ions and in particular with their formation, 
stability, and reactions. The discovery86 that addition of triphenyl- 
acetic acid dissolved in lOOyo sulfuric acid to cold methanol (reactions 
15, 16, and 17) afforded, upon dilution with ice water, triphenyl- 
mcthyl methyl ether (8) instead of the expected ester, suggested a 
quick and useful preparation of triphenylmethyl alkyl ethers from 
triphenyl carbinol. That the formation of (8) from the acid occurs via 

(C6H&CCO2H + 2 H,S04 ---+ (CbHe)3CCO+ + H 3 0 +  + 2 HS04- (15) 

(CGH5)3CCO+ --+- (C,H,),C+ + CO (16) 

(C6HJJC+ + CH,OH (C,H&,COCH3 + H +  (17) 
(8) 
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a stable ion is well documented by the fact thzt the van't Hoff i 
factor was found to be 4 and that the presence of carbon monoxide 
was established. Diphenylacetic acid and bis- (p-chlorophenyl) acetic 
2cid are converted into bis(diphenylmethy1) ether (15% yield) and 
bis-(fi,fi'-diclilorodiphenyl methyl) ether (88% yield) 87. 

The preparation of triphenyimethyl a.lkyl cthers in 100% sulfuric 
acid is complicated by their tendency to undergo cleavage, which is 
catalyzed by bisulfate ion, into triphenylmethane and aldehydes. 
Methods which have been used to obviate this difficulty, and which 
have also been quite successful with diphenyl carbinols, employ cata- 
lytic amounts of p-toluenesulfonic acid and azeotropic removal with 
benzene of the ether as it is formed88-89. 

Sulfonation is often responsible for the low yield in which ethers are 
obtained from diphenylcarbinols in 100% sulfuric acid While 
dimesityl carbinol ar.id methanol gave a 98% yield of the ether in 
lOOyo sulfuric acid, no ether was obtained from benzhydrol (9)91. 
Eowever, the diphenylmethyl methyl ether was obtained in 67% 
yield when a carbon tetrachloride solution of 9 was stirred into 100% 
sulfuric acid and the resulting red solution poured into methano190. 
Also, dibenzhydryl ether (14)) was obtained in 67% yield when meth- 
'an01 was replaced by water. Compound 10 formed in goo/, yield, when 
9 and 85% phosphoric acid were heated at  75" for 10 minutes (reac- 
tion 18) 92, and in a quantitative yield when a benzene solution of 9 
was passed through an alumina column at  room temperatureg3. By 
the latter procedure, a-phenylethaiiol was converteci into bis-(a- 
phenyletliyl) ether in 75% yield. 

85% H~POI 
CBHSCH(OH)C,HS A (CGH&CH-O-CH(C,H,), (18) 

(9) (10) 

cd. Mechanism of Nucleophillc Substitutions 
In  view of several recent comprehensive reviews on the up-to-date 

developments in nucleophilic aromatic substitutions 94 - 96 and nucleo- 
philic substitutions on saturated carbong7sg8, a survey on these sub- 
jects is not needed. We will concern ourselves only with new data 
involving the facton which influence the formation of the C-0-C 
bond. 

1. lmportznce of the  leaving group 
In  nucleophilic substitutions, the nature of the alkyl group of the 

substrate, the leaving group, the attacking nucleophile, the solvent, 
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and the temperature are important factors which influence the course 
of the reaction, and in particular the extent of substitution against 
elimination. I t  is well established that in bimolecular nucleophilic re- 
actions with alkyl halides, the SN2/E2 ratio is not significantly altered 
by the nature of the halide, although the ratio decreases in the order 
RC1 > RBr > RI. The striking difference of tosylate as a leaving 
group in such reactions has been emphasized in recent investigations. 
Bishop and DePuyg3 have measured the rate of reaction of alkyl 
iodides, bromides, alid tosylates in ethanol in the presence of ethoxide, 
and the data show that the tosylates are much less reactive than the 
corresponding iodides and often less reactive than the corresponding 
bromides (Table 6 ) .  This is strikingly different in the case of solvolytic 
reactions where the relative solvolysis rates in ethanol are Tos : I : Rr z 
2 0 2  197. 

TABLE 6. Rates of reaction with EtO- in EtOH. 

Compound 
Temp. 'Rate % 

("c) (1 x E2 Ref. 

55 1 *40 
55 1.80 
40 1 *26 
40 4-58 
30 26-60 
30 4.10 
30 1 a20 
30 105.0 
30 18.8 
30 2.93 
30 9.56 
30 1.73 
30 0.86 
30 203 
30 37.1 
30 5.53 

60 
44 
9 

Small 
N 100 

96 
33 

100 
100 
20 

100 
100 
20 

100 
100 
67 

100 
99 

100 
99 

101 
101 
101 
101 
101 
101 
101 
101 
101 
101 
101 
101 

Veeravagu and coworkers Io2 have provided clear evidence for the 
difference between primary alkyl bromides and alkyl tosylates at  con- 
ditions which would be expected to favor greatly the E2-type elimina- 
tion reaction. For example 1-bromooctadecane (11) , on treatment 
with 0.9 N potasium t-butoxide in t-butyl alcohol a t  40°, undergoes 
83.7% elimination and 16.3% substitution at a slower rate ( k  = 
2-32 x lo6) than 1-octadecyl tosylate (12) (k = 15.10 x lo5 I/mole 
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sec), which undergoes lOOyo substitution. The difference in the ratio 
of bimolecular substitution and elimination was also established by 
product analysis of reactions in which compounds 1; and 12 were 
refluxed for 20 hours with 1 N potassium t-butoxide in absolute t- 
butyl alcohol. Under similar reaction conditions, employing the 
weaker base, sodium mcthoxide, substitution is the predominant feat- 
ure with compounds ii aiid 12. The diffcrmccs bctwccn the brGmides 
and tosylates do not carrv over to the respective p-phenylcthyl and 
p-mesitylethyl compounds. In every case, 100 yo elimination was 
observed on treatment with potassium t-butoxide. I t  is rather 
remarkable that the more bulky mesityl group is as effective as the 
phenyl group in stabilizing, through conjugation, the incipient double 
bond of the E2 transition state. In contrast to the reaction with 
potassium t-butoxide, treatment of p-mesityleihyl tosylate with 
sodium methoxjde gave 79% substitution and only 5% elimination. 

Dimethyl sulfoxide (DMSO) enhances the reactivity of potassium 
t-butoxide toward sulfonate esters to such an extent that reactions 
are complete within 30 minutes at 20-25" for 0.5 M solutions of the 
ester lo3. In  contrast to the t-BuO--t-BuOH system, in which primary 
akyl  esters of aryl sulfonates undergo about 1000/, substitution lo2, 

20-25y0 elimination is reported in the t-.BuO --DMSO combination, 
and the SN2/E2 ratio is not markedly influenced by changes in the 
leaving group (Table 7). I t  is probably due to the greater proton 

TABLE 7. Effect of the leaving group on the reac- 
tion of 1-hexyl sulfonates in the t-BuO--DMSO 

system at 20-25". 

Leaving group yo Ethcr yo 1-Alkene 

CBHsOS02- 69 20 
fi-CH,C&,OSOa- 67 20 
fi-BrC6H,OSO2 - 76 20 

CH,(CH,),OSO,- 46 20 

k-NO2CeHaOSOz- 29 8.2 
CH30S02- 33 12.5 

abstracting power of t-BuO - in DMSO that some elimination does 
take place with the primary alkyl esters. The SN2/E2 ratio is decreased 
in the ~-BUO--DMSO system with esters of primary alcohols contain- 
ing a-alkyl substituerits ( 30-40y0 ether and 20-30y0 alkene) while 
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esters of secondary alcohols give a negligible quantity of ether and 80% 
alkene (Table 8). 

TABLE 8. Reactions of alkyl benzenesulfonates with potassium 
l-butoxide is dinicthyl sulfoxide at 20-25" (reaction time 30 

minutes) lo3. 

Paren't alcohol of Alkene Alkyl 1-butyl cthcr 
bcnzcnesulfonate (%I" (%I" 

Cyclohcxylcarbinol 26 60 
1 -Hexanol 20 69 
I-Octanol 24 67 

2-Ethyl-] -butanol 27 40 
Cyclohexanol 83 trace 

-. 

2-Methyl- I-butano1 22 39 

Cyclopentanol 
2-Octanol 

- 
trace 

Gas chromatography analysis of reaction extracts. 

2. Factors promoting oxygen alkylation 
The results of recent investigations by Kornblum and collabora- 

torsIJ4 have contributed to the recognition of several factors which 
control the reaction of ambient anions, such as phenoxide, in nucleo- 
philic reactions. 

3. Role of solvent 

I t  has been shown that solutions of salts of phenol or 9-alkylphenols, 
in a wide variety of solvents, react bimolecularly with allyl or benzyl 
halides to give largely the corresponding ethers and only traces of 
carbon-alkylated products. These solvents include various alcohols, 
ethers, and dimethylformamide. However, when these reactions are 
executed in strongly hydrogen-bonding solvents such as water, phenol, 
and fluorinated alcohols, substantial amounts of ortho and par4 carbon- 
alkylated products are obtained in addition to ethers (Table 9). Such 
solvent effects have also been observed by Barner and Schmid in 
reactions of sodium phenoxide with allyl bromide, and by Zook and 
Russo who reported that etliylatioii of sodiodiphenylacetophenone 
in diethylene glycol dimethyl ether occurs almost exclusively at the 
oxygen atom to give the enol ether 17272-triphenyl-l-etl~oxyethene 
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TABLE 9. Effect of solvcnts on thc product distribution in the 
homogeneous alkylation of phenolic sr?ltsa*:04. 

yo Yield 

Alkylating Oxygen Carbon 
Solvent Salt i.gent alkylati3n alkylationb 

~~ 

t-Butyl alcohol 
Diethyl ether Sodium fi-t-o:tyl- Allyl bromided 

phenoxidc 
Dimethylforni- Sodium phcnoxidc ,411~1 chloride 

Ally bromide 
Benzyl chloride 

Ethanol Sodium phcnoside Nlyl chloride 
Ethylene glycol Sodium phenoside Allyl chloridc 

Allyl bromide 
Benzyl chloridc 
Benzyl bromided 

Sodium p-t-octyl- Allyl  bromidcd 

Sodium phenoxidc Allyl bromidc 

amide 

dimethyl ether 

Fhenoxide 
Methanol Sodium phenoxide Ally! chloride 

Allyl bromide 
Benzyl chloride 

Phenole Sodium phenoxidc Allyl chloride 
Allyl bromide 
Benzyl chloride 

2,2,3,3-Tetra- Sodium phenoside Allyl chloride 
fluoro- 1 -propano1 
2,2,2-Trifluoro- Sodium phcnoxide Allyl bromide 

ethanol 
Benzyl chloride 

Tetrahydrofuran Sodium phenoxide Allyl chloride 
Allyl bromidc 
Bcnzyl chloride 

Water Sodium phenoxidc Allyl chloride 
Ally1 bromide 
Benzyl chloride 

Sodium p-crcs- Allyl chloride 

Allyl bromide 
oxide 

1 o o c  
99 

I. 00' 

91 
1 ooc  
100' 
99 

100" 
100" 
99 
98 

l0OC 
96 

1 00' 
22' 
23' 
22 
58 

37 

62 
96 
94 

I O O C  
49 
51 
65 
67 

58 

7ac 
7 7' 
69 
37 

42 

26 

41 
38 
24 
25 

30 

a A11 reactions conducted at 27" except when otherwise noted. 
Includes dinlkylated products. 
By vapor-phase chromatography. 

d At 35". 
e At 43". 
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(13). However, in t-butyl alcohol, carbon alkylation to give cr,cl-di- 
Fhenylbutyrophenone (14) occurs to the extent of 25% (reaction 19). 

0 0 
I I  1-BuOH I I  

[CeH,CC(C,H5)2]- Na+ f C,H,Br - 13 + C,H,CC(CGH5),CH,CH3 (19) 
(14 

(CH30CH,CH2)20 1 
OC,H5 

(13) 

I 
CG H,C=C(C, H5)3 

The influence of solvents on the ratio of oxygen- and carbon-alkyla- 
tion products is explahed lo4 by the ability of the powerful hydrogen- 
bonding solvents to solvate the aryl oxide oxygen so strongly that its 
availability for nucleophilic displacement is greatly decreased. As a 
consequence, the otherwise less reactive ortho and parc carbon atoms 
of the aryl oxide can compete successfully in the nucleophilic displace- 
ment. 

The nature of the solvent is even more critical in alkylations with 
P-naphthollo7, where the nucleophilicity of the CL carbon and of the 
naphthoxide oxygen are more evenly balanced. Because of this com- 
petition, not only strongly hydrogen-bonding solvents, but even those 
of low dielectric constant, without hydrogen-bonding capacity, give 
substantial amounts of carbon alkylation. I t  is only in aprotic solvents 
with high dieZectriG coiistant that ether formation predominates (Table 
10). To account for the effect of aprotic solvents of low dielectric con- 
stant, it is suggested that sodiuni p-naphthoxide exists in these solvents 
as ion pairs and as higher aggregates, and that oxygen alkylation is dis- 
favored by the large separation of the sodium cation and the develop- 
ing halide ion in the transition state (15). On the other hand, carbon 
alkylation is favored, for in the transition state (16) the sodium cation 
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TABLE 10. Solvent effcct in rcactions af benzyl bromidc with 
sodium B-naphthoxidca. lo'. 

Solvent 

~ ~~~~~~~ 

% % 
Dielectric Oxygen Carbon 
constantb alkylation alkylationC 

Dimc tl iylf~rmzmide~ 
Dimethyl sulfoxide" 
Ethylenc glycol dimcthyl 

cther 
Te traliydrofuran 
Methanol 
Ethanol 
2,2,2-Trifluoroc than01 
Water 
Benzene-Water 

37 
45 
7 

7 
33 
24 
27 
80 

97 
95 
70 

60 
57 
52 
7 
10 
7 

0 
0 

22 

36 
34 
28 
85 
84 
83 

a All reactions performed at room tcmpcraturc unlcss otherwise stated. 
* Temperature 20-25". 

Includes dialkylated products. 
At 10-15"; a duplicate run at 35" gives 93% oxygen and ly0 carbon alkylation. 
A duplicatc run at 40" givcs Y5yo oxygen and 1% carbon alkylation. 

is in close proximity to the developing halide ion. This coulombic 
factor will decrease in aprotic solvents of high dielectric constant, such 
as dimeth.yl sulfoxide, in which the reacting species may again be an 
ion pair or the free naphthoxide ion, and oxygen alkylation will be 
favored. 

Cram and Grosser lo8 have advanced similar considerations to 
explain stereochemical consequences due to ion-pair formation in 
carbanion systems. 

4. Role of alkyl halides 
The proportion. of oxygen and carbon alkylation is also dependerd 

on the nature of the akyl halide. As seen in Tables 11 and 12, reac- 
tions of sodium 8-naphthoxide with methyl iodide and propyl bromide 
afford, cvcn in aqueous media, a preponderance of oxygen-alkylated 
products. In  contrast, /3-naphthoxide and benzy! bromide give in the 
same reaction medium, 84% of carbon-alkylated products. At present, 
no explanation is available to account for the relationship between the 
structure of the alkyl halide and the amount of oxygen against carbon 
alkylation in various solvents. 

The ratio of oxygen against carbon alkylation is also dependent on 
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TABLE 1 1. Reaction of methyl iodide with sodium 
P-naphthoxidea- lo7. 

467 

Solvent 
yo OxySen yo Carbon 
alkylation alkylation 

~ ~~~~~~ - 

Dimethylformamideb 
Dimethyl sulfoxidcb 
Ethylene glycol dimethyl 

ether 
Tetrahydrofuran 
Ethanol 
2,2,2-Trifluorocthanol 
Water 

C. 

-~ - 

91 
90 
86 

80 
83 
57 
66 

3 
4 

10 

13 
12 
34 
30 

a All reactions conducted at room temperature cscept when 
othenvhc noted. 

At 30". 

TABLE 12. Reaction of n-propyl bromide with 
sodium P-naphthoxidea* lo?. 

Solvent 
yo Carbon 
alkylation 

Dime thylformamideb 
Dimethyl sulfoxideb 
Ethylene glycoi dimethyl 

ether 
Tetrahydrofuran 
Ethanol 
2,2,2-Trifluoraethanol 
Water 

98 
95 
96 

96 
95 
81 
€8 

0 
0 
0 

0 
trace 

10 
5 

a All reactions performcd at room temperature unless otherwise 
stated. 

At 35". 

TABLE 13. Alkylation of potassium 
2,6-di-t-butyIphenoxide. 

7, Oxygen % Carbon 
Alkyl iodide alkylation alkylation 

Methyl 88 6 
Ethyl 11 66 
Isopropyla 0 100 

a Only 28% or the halide undcrgocs substitution; 
elimination of hydrogetr iodide accounts for the 
rcrnainder. 
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the steric requirement of the alkyl halide. This has been well demon- 
strated log in alkylations cf potassium ZY6-di-t-butylphenoxide. As can 
be seen in Table 13, on treatment with a set of alkyl halides of increas- 
ing steric requirement, a clear shift fi-om oxygen to carbon alkylation 
occurs. 

110. ETHERS FRQM ALCOHOLS, PHENOLS, AND 
CARBODIIMIIDES 

Although alcohols are inert toward carbodiimidcs at  ordinary tein- 
peratures, a reaction occurs at elevated temperatures to produce 0- 
alkylpseudoureas. Thus 17 (R1 = C,H,) gave a quantitative yield of 
18 (R2 = Et) when an alccholic solution of the carbodiimide was 
heated in a sealed tube (equation 20) ll0. The same reaction occurs at 

Heat or 

R'O- 
RIN=C=NR1 + R20H - > R'NHC=NR' 

I 
(17) 0 R2 

(18) 

ambient temperatures ll1 or in the cold 112- 113 in the presence of 
sodium alkoxide. Excellent yields of N,N'-diaryl-0-alkyl pseudoureas 
have been obtained by both methods". Phends also react with diaryl- 
and dialkylcarbodiimides to form the corresponding oxygen etherst. 
The reversibility of the reaction between phenols and dicyclohexyl- 
carbodiimide (DCC) has been demonstrated115. 

I n  1962, Vowvinkel reported116 that aryl alkyl ethers could be pre- 
pared from an equimolar mixture of a phenol, an alcohol, and DCC 
(equation 21, R = primary alkyl group, DCU = N,N'-dicyclohexyl- 
urea). The reaction was conducted in an inert solvent in a sealed tube 

ArOH + ROH + DCC + ArOR + DCU (21) 

at room temperature for 30 days. Whercas the synthesis was successful 
employing primary alcohols, the method was quite sensitive to steric 
effects ; the use of secondary or tertiary alcohols or ortho-substituted 
phenols led to little or none of the desired mixed ether. 

* Khoranal" reports the failure of dicyclohexylcarbodiimide to react with 
alcohols using the base-catalyzed method under the mild conditions in which 
N,N'-diarylcarbodiimities give excellent yields of 18 (R' = aryl, R2 = alkyl). 

t Nitrophenols behave abnormally. At elevated temperatures the oxygen- 
ether adducts from nitrophcnols and diaryl- as well as dialkylcarbodiimides re- 
arrange to carbamides114* l16. 
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An iinprovement of this method was subsequently described117 
in which phenols, alcohols, and DCC were heated (at about 100’) in a 
sealed tube without solvent. Yields of ethcrs from meta- and para-substi- 
tuted phenols were in the range 84-91%. Ortho-substituted phenols 
required longer reaction times before comparable yields could be 
obtaiiied. The mechanism of aryl alkyl cthcr formation postulated by 
Vowinkel involves initial formation of a phenol-DCC adduct 19 (equa- 
tion 22), protonation of adduct 19 to give 20 followed by attack of 
primary alcohol on 20 to give rise to products (reaction 24). 

OAr 
I 

ArOH + DCC CsH11N=C-NHC6H~1 (22) 
(19) 

Recently this work was repeated by Bach118 and excellent yields 
were confirmed (87-920/,). An alternative mechanism was suggested 
which discounted equation (24) as the product-determining step. Bach 
explained the reaction in terms of equations (25) and (26) .  Although 
a phenol-DCC adduct (19) would be expected to form faster than an 
alcohol-DCC adduct (21) , the demonstrated reversibility 115 of equa- 
tion (22) would permit a build-up of alkyl pseudourea ether (21) 
(equation 25). Attack of phenoxide ion (equation 26) completes the 

// 
DCC + EtOH - EtOC 

process. The poor yields obtained using secondary and tertiary alcohols 
are readily accommodated by invoking stcric hindrance to SN2 
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displacement in equation (26). Discrimination between the two 
mechanisms was made by employing "0-labeled alcohol in the 
phenol-primary alcohol-DCC system. P-ccording to Vowinkel's scheme 
(equation 24) labeled oxygen would only appear in the ether whereas 
Bach's formulation (equation 26) predicts the l8O would appear only 
in the dicyclohexylurea. In the system I,henol-EtleOH-DCC, mass 
spectroscopic analysis revealed that all the label appeared in the urea. 
Thus the mechanism described by equation (24) does not prevail 
whereas the data are in accord with SN2 attack by phenoxide ion on an 
alkylpseudourea ether intermediate (equation 26). 

It should be mentioned that although this method lacks generality, 
the case of workup* and the high degree of purity of thc resulting 
crude ether renders this an attractive alternative to the Williamson 
synthesis. 

IV. ETHERS FROM PEROXY COMPQUNDS 

A. Reaction of Organometallics with Bialk yl Peroxides 
Gilman and Adams1I9 found that diethyl peroxide reacts with 

phenylmagnesium bromide to give a 34% yield of phenetole (equation 
117, R1 I= R2 = Et, R3 = C6H5, M = XgBr). The potential synthetic 

(27) 

utility of this reaction remained unexplored for 25 years until the 
availability of di-t-butylperoxide prompted Campbell and cowork- 

to reinvestigate this method as a possible route to t-butyl alkyl 
ethers. These investigators found that little or no reaction occurred in 
the case of the tertiary-aliphatic and phenyl Grignard reagents. HOW- 
ever, Grignard reagents derived from primary and secondary bro- 
mides gave the desired t-butyl alkyl ethers (reaction 28) albeit in poor 

R 1 0 0 R 2  + R3M + R10R3 + R 2 0 M  

CMe3 
I 

Me3COMgBr + RCH2CH20CMe3 

Me,COH -t Me3COMgBr + RCH=CH~ 

(28) 

* Product ethers are isolated by chromatography on alumina. It is reported 
that crystalline cthers have the corrcct melting point after rcmoving solvent, and 
that liquid ethers are pure (corrcct refractive index) without distillation. 
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yicld (about 2074). Significant by-products were olefins derived from 
the organometallic and t-butyl alcohol. These results were rationalized 
in terms of a scheme in which dircct clisplacemcnt on peroxidic oxygen 
e w e  rise to product ether (path a), and competitive olcfin formation 
followed a course (path b) analogous to the known reduction of 
hindered ketones by the /3-hydrogen atom 121 of the Grignard reagent. 

Subsequently Edward and collaborators 122 compared the reactivity 
of phenyllithium and phenylmagnesium bromide toward one unsym- 
metrical and several symmetrical dialkyl peroxides (equation 29). 

R'OOR' + CBH5M - > C,H,OR' -b R'OM (29) 
(M = Li, MgBr) 

Although dimethyl peroxide reacted equally well with both the lithium 
and magnesium compounds, other peroxides gave higher yields of 
ethers when phenyllithium was employed. Thus C6H5Li and t-Bu202 
gave a 39% yield of t-BuOC,H, while, as previously noted, C6H5MgBr 
failed to react, even under forcing conditions. By way of conti-ast, 
higher yields of t-butyl ethcrs are obtained from the organomagnesium 
reagent and t-butyl perbeczoate (vide i i t fra) .  

Although triplienylrnethylsodium rzacted with dimethyl peroxide 
to give a methyl ether, the triphenylmethyl radical failed to react. An 
ionic mechanism consistent with this finding involves nucleophilic dis- 
placement on oxygen (reaction 30). A similar mechanism was postu- 

lated for the reactions of phenyllithium. To explain ether formation in 
the reaction of a Grignard reagent with a dialkyl peroxide, the transi- 
tion state" 22 was suggested in which the phenyl group, owing to its 

* The formulation of the phenyi Grignard reagent as a complex of (CsH5)2Mg 
and MgBr, was based on the findings of Dessy and Handler, J .  Am. Chem. Soc., 
8C, 5824 (1958). In the light of more recent resuits, among others, G. D. 
Stucky, and R. E. Rundle, J .  Am. Chem. SOL, 85, 1002 (1963), and E. C. Ashby 
and M. B. Smith, J .  Am. Chem. SOC., 86, 4363 (1964), the transition state might 
be reasonably reformulated as 

K2 
R1, / 

.o+.. 
C,Hl I  e!g&H5 

~ g - k - ~ r  
I 
Br 
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bulk, was partially bonded to the oxygen atom bearing the less bulky 
alkyl substituent. This is in accord with the exclusive formation of 
anisole from methyl 2-butyl peroxide (22, R1 = Me, R2 = t-Bu). 

B. Reaction of Qrganometallics with t-Butyl Perbenzoate 
A valuable method for the preparation of t-butyl ethers was intro- 

duced by Lawesson and Yang25 in 1959. By reacting t-butyl perben- 
zoate with a variety of Grignard reagents under mild conditions (0-5"), . 
good yields of t-butyl ethers and benzoic acid were obtained. The 
reaction was formulated as in reaction (31). The Grignard reagents 

X 

,MgX 
I 

0 R (3 1) yMgtR + I + I  

Bu-t  
C H C  +-o O, 

I 
Y 7 O L B u - t  

C6H5C 

employed and yields (yo) were: phenyl- (65) , a-naphthyl- (69), 
l-tolyl- (81), p-anisyl- (64), ethyl- (77), 1-octyl- (74), cyclohesyl- (57), 
and 2-propyl- (55). Di-t-butyl ether (44%) could also be prepared by 
this method. Phenyllithium reacted with the perester at - 60" to give 
a 59% yield of t-butyl phenyl ether. A subsequent study123 revealed 
that higher yields of ethers were obtained when a larger excess of 
Gignard reagent was employed (Grignard reagent :perester z 1-5: 1). 
Organolithium reagents were found to ghe  lower yields of ethers; 
high-boiling products were formed presumably through preferential 
attack of the lithium compound on the carbonyl group. 

The reaction of Grignard reagents with t-butyl perbenzoate appears 
to have particular merit when applied to the synthesis of t-butyl aryl 
ethers. In such cases, the conventional Williamson synthesis fails and 
the usual method of preparation, the acid-catalyzed addition of iso- 
butylene and phenols, must be conducted under special  condition^'^^ 
such that nuclear alkylation of the phenol is suppressed. 
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C. Reaction of Tervalent Phosphorus Compounds with Dialkyl 

The reaction of dialkyl peroxides with tervalent organophosphorus 
compounds to give rise to ethers has been formulated as an Arbuzov 
process by Horner and Jurgeleit (reaction 32) 125. In this manner, di- 

(32) 

ethyl peroside gave ethyl ether with triethylphosphine at  80", and 
t-butyl peroxide reactcd with triphenylphosphine (1 10-1 20") to give 
di-t-butyl ether. The ionic mechanism was invoked since no experi- 
mental evidcnce (sensitivity toward oxygen or initiation of polymeriza- 
tion) for a free-radical mechar,ism could be found. 

I n  inarked contrast, Walling and Rabinowitz 126 reactcd dicumyl 
peroside and di-t-butyl peroxide with triethyl phosphite thermally 
and photochemically, and obtained triethyl phosphate and hydro- 
carbon products arising from alkyl-radical dimerization and dispro- 
portionation. The reaction was postulated as proceeding through aE 
intermediate phosphoranyl radical (reactions 33,34, and 35). S' ince nc 

R O O R  --+ 2 RO' (33) 

(34) 

2 R' __j R-R (35) 

di-t-butyl ether was detected, Walling, Basedow, and Savas12G re- 
investigated the reaction of di-t-butyl peroxide with triphenylphos- 
phine acd found products consistent with the postulated free-radical 
process. Since Walling's product analyses were performed by gas- 
liquid chromatography, whereas Horner's was based on a distillation 
temperature, it appears that equation (32) is erroneous. 

Peroxides 

RZP + RIOGR1 __j [RifFOR16R1] + RZPO + RIOR1 

RO'  + (EtO),P - > (EtO)$OR __z R' + (EtO)3P0 

D. lhermolysis of Triurylmetkyl Peroxides 
The thermal decomposition of triarylmethyl peroxides usually pro- 

ceeds by aryl migration to the initially formed alkoxy radical followed 
by dimerization. Wi~! land~~ '  obtained a 70% yield of bcnzpinacol 
diphenyl ether from thermolysis of triphenylrnethyl peroxide via the 
sequence shown by reaction (36). The same product was obtained by 
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treating triphenylinethyl hydroperoxide with ferrous salts (reactions 
37 and 38) 128. 

(CGii5)&-o-0H + Fez+ + Fe3+ + OH- + (C6H,),CO* (37) 

(CGH~)&O. + (CGH5)z&--oCGH, - > Dimer (38) 

If the tliermal decomposition is conducted in a solvent which itself 
is a good radical source, mixed coupling products may result. Thus 
thermolysis of t-butyl triphenylmethyl peroxide in cumene gave a 60% 
yield of l-phenoxy-2-methyl-1,1,2-triphenylpropane (reaction 39), the 

(CGH~)~C-O-O-C(CH~), + C,H,CH(CH,), - > 

(CGH&C- iGH5 (CH3), + CH, + (CH3)2CO (or (CH3),COH) (39) 
I 

OCGH5 

coupling product of (C6H5)2&--OC6H, and C,H,k(CH,),. The 
a-phenylethyl analog was also obtained (507; yield) using ethylben- 
zene in place of cumene. 

From a study of the relative migratory aptitude of aryl groups in the 
thermal decomposition of several t-butyl aryldiphenylmethyl peroxides 
in cumene (reactions 40 and 41), Kharasch and coworkerslZ8 estab- 

(C~H~)ZC-O-O-C(CH~)~ - > (CH,),CO' 4- (c~H5)zC-o' (40) 
I 

Ar  
I 

Ar 

CeH,t(CH& 
(C t-l-)vC-O' _L, (C,H5),6-OAr + C,H,6-OCGHG - 

I 
Ar 

" - 1  
Ar 

OAr Ar 
I I 

(COH~).K-C(CH~)~ + CGH,C-C(CH~), (41) 
I 1  

CGHBO CGH, 
I 

CGH, 

lished that a-naphthyl a,nd @-biphenyl migrated equally readily and 
were about six times faster than phenyl or p-tolyl. 

V. ETHERS FROPI T H E  SMILES REARRANGEMENT 

A group of intramolecular nucleophilic aromatic substitution reac- 
tions extensively investigated by Smiles lZ9 and his school may be 
represented by the general expression shown by reaction (42). A 
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(42) 

variety of such rearrangements have been observed in which -ZH 
may be -OH, -SH, -NHR, --CONHK, -SO,NHR, or -S02H, 
while X may be 0, S, SO, or SO,, although not all combinations of 
-ZH and X are allowed130. 

The reaction is usually conducted in basic media and it is generally 
agreed that the mechanism involves ionization of -ZH to -2- 
followed by nucleophilic attack of -2- on C, (ring B) displacing 
-X- 131. I n  the majority of examples studied, ring B was activated 
(most frequently by an o- or p-NO, group), although the first observed 
instances of this rearrangement involved naphthalene derivatives con- 
taining no activating groups at all las .  Aromatic ring A does not appear 
to be a requiren-ent for rearrangement to occur133. 

Typical esarnples OF this transrormation are reactions 43a and 43b. 
The latter reaction proceeds quantitatively. 

McClement and Smiles133 determined the rates of rearrangement of 
a series of sulfones (23) with substituents in ring A (reaction 4.4). The 
effect that substituents exerted on the rearrangement rate was 
ascribcd to an interesting and subtle electronic interplay among 
substituents. 
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US@y) - US0Q 0 (44) 

'0 H 

From theoretical comiderations and from the experimental work of 
Smiles, and subsequently Bunnett 13*, one would predict that re- 
arrangement should be enhanced by electron release to ionized 
hydroxyl acd electron withdrawal from the sulfone linkage. Rate 
retardation should be observed by introducing electron-attracting 
groups which influence hydroxyl more than the sulfone group or by 
electron-donating groups which interact with the sulfone substituent 
more strongly than with the ilmized hydroxyl. 

that a 6-methyl substituent 
increased the rate more than ten-fold over the 6-unsubstituted deriva- 
tive. This was interpreted as a manifestation of electron release from 
the methyl to the sulfone group thereby rendering the sulfone group 
less efficient at withdrawing electrons from the hydroxyl group. As a 
result, the nucleophilicity of the ionized hydroxyl in the 6-methyl 
derivative was enhanced over that of the 6-unsubstituted compound 
and the rate was correspondingly greater for the former. This inter- 
pretation was rendered untenable by the subsequent experiments of 
Okamoto and Bunnett 13*, showing a very much higher rate enhance- 
ment for this case. 

The latter investigators determined the rates of rearrangement of 
sulfones 25, 26; 27, and 28 in order to sort out contributions due to 

I t  was approximately determined 

C H 3 e  CH3& R CH3qX ( 3 4 3 , @  CH3 

R OH OH CH3 014 O'rl 

(25) (26) t 27) (28) 

CI CI 

(a) R = H (b) R CH3 X = SO~C,H+NO~-O X = -SOZCOH,NOS-o 
(b) R = CH3 (c)  R = CI 
(c)  R = CI (d) R = Br  
(d) R = B r  
X = -S02CoH,N02-0 

X = -SSO~C~H,NO~-O 
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ateric and electronic effects. They found that the rate was retarded by 
a methyl group (25b) or a chlorine atom (25c) in the 4-position in 
accord with thc above-mentioned considerations. Sulfone (25b) re- 
arranged only slightly more slowly than 25a, and this was considered 
to be primarily a reflection of the methyl group interacting with the 
sdfone group since electron release from nieihyl occurs mcre efficiently 
to a para than to a meta position. The ten-fold decrease in rate of 25c 
and 25d relativc to 25a was ascribed primarily to electron withdrawal 
from ionized hydroxyl by the halogen atom. A chlorine atom in the 
3-position also caused a slight rate decrease. These effects, however, 
are small compared to the steric effecG of 6-substituents. 

Electronically a 6-substituent should exert a similar effect to the 
same substituent in the 4-position ; consequently rate differences 
exhibited by 6- and 4-substituted isomers could be taken as a measure 
of the magnitude of a steric eEect. Comparison of the rates of re- 
arrangement of 27 and 28, and 25b and 26b, respectively, revealed the 
6-methyl derivative to react approximately 500,000 times faster than 
the 6-hydrogen isomer. Moreover, the 6-chloro isomer 26c showed the 
same large rate acceleration; this was also true for the 6-brorno com- 
pound 26d. Since both electron-releasing as well as electron-attracting 
6-substituents caused similar enormous rate enhancements, the earlier 
notion of Smiles must be abandoned, and the view that rate zccelera- 
tion is due to a steric effect is assured. I t  was suggested13' that the 
marked steric acceleration caused by 6-substituents was the result of 
regulating the rotational conformations of the anionic species which 
led to transition state 29. A consideration of the various conformations 

.-- 

of the 6-hydrogen and 6-substituted compounds which could lead to 
29 indicated that steric repulsions between substituents and the 
carbon atoms of ring u were least severe for the latter isomers. Hence 
6-substituted compounds, regardless of the electronic effect eserted by 
the 6-substituentY rearranged faster than the 6-hydrogen derivative. 
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VI. ETHERS FROM DIAZO COMPOUNDS 

A. Methylation of Alcohols by Means of Diozomethane 
Although nonacidic hydroxyl groups are generally inert toward 

diazomethane, several reports have appeared citing the successful 
methylation of alcohols with diazomethane in conjunction with 
various catalysts (equation 45). In an early study, Meewein and 

Catalyst 
ROH + CHZNZ + ROCH, + Nz (45) 

Hinz 135 showed that n-BuOH could be methylated using ZnCl,, 
MgCl,, or FeCl, as catalysts, although yields were oiily of the order of 
25%. Furthermore, S(OEt) , catalyzed the methylation of EcOH 
(690,L) and n-PrOH (24y0), but not of n-BuOH and i-PrOH. 
A1 (OBu), permitted the methylation of n-BuOH (83%) ; Al(O-i-Pr), 
catalysis afforded i-PrOCH, (77%). Similarly, Sb(0Bu) , as catalyst 
permitted the preparation of n-BuOCH, (73%), but Sb(0-i-Pr), was 
ineffective in catalyzing the formation of i-PrOCH,. Although other 
catalysts were also explored and none proved to be of general prepara- 
tive significance, nevertheless this early study is of interest for having 
set the stage for subsequent more successful developments. 

In  1958, Caserio, Roberts, Neeman, and Johnson 136 established that 
the methylation of a variety of alcohols could be successfully conducted 
by employing fluoboric acid* as catalyst. I n  this manner, methyl ethers 
of simple primary and unhindered secoiidary alcohols could be ob- 
tained in 84-98y0 yields. The reactions were conducted in diethyl 
ether, or preferably, methylene chloride as solvent, at 0-25" in the 
presence of 0.6-8 mole percent fluoboric acid. Methylene chloride as 
solvent generally gave higher yields, more rapid reaction, and required 
less catalyst than reactions employing diethyl ether as solvent. Tertiary 
and moderately hindered secondary alcohols gave lower yields, slower 
reaction, and were accompanied by the formation of polymethylene, 
which could be diminished by using lower temperatures. 

Some typical results are the methylation of n-octanol (87y0), cyclo- 
hexanol (92y0), t-amyl alcohol (660/), and dimethylphenylcarbinol 

* A protic acid such as hydrochloric acid is itself consumed by reaction with 
diazomethane since the intermediate mcthyldiazonium ion reacts preferentially 
with the acid anion rather than the alcohol. The judicious choice of fluoboric 
acid rested on the expectation that the methyldiazonium cation would react 
more rapidly with the alcohol as nucleophile, since the consumption of fluoboric 
acid by diazomethane would require scission of a B-F bond. 
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(30%). Isoborneol (hindered hydroxyl) failed to be methylated. Tri- 
phenylcarbinol also did not undergo alkylation, but instead formed 
trityl fluoborate. 

From competition experiments on the isomeric butanols, the relative 
rates of methylation were determined to be primary: secondary: 
tertiary = 2.2: 1.3: 1.0. The relative rates of methylation of thc epi- 
meric cholestanols were in the ratio 3/?(eq) : 3a(ax) = 1.3: 1. Although 
the relative rates are in the expected order, the rather small spread 
reflects the lack of great steric selectivity for this methylation proced- 
ure. However, thc primary and secondary hydroxyl groups of 2,3-di- 
methylascorbic acid (30) proved to be sufficiently different to permit 
preferential methylalion of the primary hydroxyl group forming the 
trimethyl ether 3X (equation 46). 

CHBO c H30, 

+ CHzNz + doH3 (46) 
HO-C---H 

I I 
CH,OCH~ 

(31) 

Since this methylation procedure gives a product with the same con- 
figuration as the starting alcohol, reaction apparently occurs directly 
a t  the oxygen atom. a-Cholestanyl methyl ether is obtained from a- 
cholestanol, and the /?-ether from /?-cholestanol, each in 98% yield. 

The method also permits the direct conversion (difficult by any 
other direct methylation procedure) of desoxycorticosterone (32a) into 
2 1-methoxyprogesterone (32 b) and testosterone (32c) into 17-8- 
methoxyandrost-4-en-3-one (32d). In subsequent work 137* 13*, it was 
established that a competing process in the case of a,/?-unsaturated 
ketones is homologation to a /?,y-unsaturated ketone. 

(a) R = COCH20H 
(b) R = COCHZOCH:, 
(c) R = OH 
(d) R = OCH3 

0 & (c) R =  COCHN, 

(32) 
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Weakly acidic phenols also reacted with diazomethane employing 
fluoboric acid catalysis; estradiol was transformcd to the dimethyl 
ether in 81% yield. Phenols with pKa 9.5 to 10.2 gave pcor to fair 
yields of methyl ethers. 

Although no extensive study whs made, an adaptation of the above 
procedure empl.oying diazoethane afforded tra12s- and cis- 1 -methyl-2- 
ethoxycyclopentane from the correspond.ing secondary alcohols in 26 
and 17% yields, respectively. 

In  addition to fluoboric acid, it was established that boron tri- 
fluoride etherate (method of Newman and vide i n za )  was 
effective in catalyzing the methylation of alcohols with diazomethane. 

Similarly, Miiller and Kundel 139, employing 10 mole percent boron 
trifluoride etherate as catalyst, obtained 70-800/, yields of the corres- 
ponding ethers from cyclohexanol, diphenylcarbinol, n-octyl alcohol, 
crotyl alcohol, and cholesterol. t-BuOCH, was prepared in 40% yield. 
Glycols, HOCH,(CH,)nCH,OH (n = 1,2,3,4), and 1,4-butynediol 
also gave the corresponding dimethyl ethers in good yields, and 
glycerine trimethyl ether was obtained in 73% yield. 

From the methylation of the isomeric amyl alcohols, the following 
yields were obtained : methyl pentyl ether (72y0), methyl isopentyl 
ether (75’3/,), methyl 3-pentyl ether (69y0), methyl t-pentyl ether 
(44%)) or primary : secondary : tertiaiy = 1 -7 : 1-55 : 1 .O. 

I t  was also determined that ethylation of alcohols by diazoethane 
was likewise catalyzed by boron trifluoride etherate but yields were in 
the range 15-20y0. 

5. a-afkoxy Ketones from or-Diazo Ketones 
Several groups of investigators have determined that the reaction of 

a-diazo ketones with alcohols in the presence of appropriate catalysts 
gives a-alkoxy ketones (equation 47), i.e. the reaction proceeds without 

Catalyst 
RlCOCHN, + RZOH + R1COCH,0R2 + N, (47) 

intervention of the Wolff rearraiiigement. This catalytic effect has been 
ascribed to ‘deactivation’ of the intermediate involved (uide infk). 

I n  the absence of a catalyst and at  moderate temperatures, mixtures 
are obtained. The diazo ketone (33) gave 30% benzoin methy! ether 
(34) and 70% methyl diphenyl acetate (35, Wolff rearrangement 

CGHGCOCNZCGH, + CH3OH + CGHSCOCHCGHS + (C,H&CHCOPCH3 (48) 
(33) ACH3 (35) 

(34) 
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product) in methanol at 50" (reaction 4.8) lQo. Elevated temperaturcs 
appear to favor the Wolff rearraiigeinent; thus diazo ketones are con- 
verted into benzyl esters in refluxing benzyl alcohol 141. 

Moderate temperatures and the presence of a suitable catalyst per- 
mit the conversion of the diazo ketones to the corresponding ketol 
ether. Aeberli and Erlenmeyer IQ2 employed cupric oxide in methanol 
to convert a diazo ketone-substituted thiazoie into the a-aikoxy ketone. 
Similarly, Casanova and R ~ i c h s t e i n ~ ~ ~ ,  and Plattner and cowork- 
ers 144 were successful in preparing ketol ethers from several steroidal 
diazo ketones using cupric oxide as catalyst. However, the Wolff 
rearrangement product, me1 hyl phenyl acetate, was obtained by the 
action of this catalyst on a-diazoacetophenone in methanol 143. 

Yates lQ5 established, contrary to previous claims lQ6, that copper 
bronze wils not a suitable general catalyst for the Arndt-Eistert 
sequence, but rather, was efficacious in converting a-diazo ketones 
into a-alkoxy ketones. The action of copper on 1-diazo-2-nonadecan- 
one in hot ethanol afforded a 68% yield of l-ethoxy-2-nonadecanone. 
By treating a-diazoacetophenone with cspper in the appropriate alco- 
hol, the following cc-keto ethers were also prepared : a-methoxyaceto- 
phenone (55%), a-ethoxyacetophenone (60y0), a-( 1-hexoxy)aceto- 
phenone (20%), and a-(t-butoxy)acetophenone (30%). The reaction 
of phenol with a-diazoacetophenone in the presence of copper gave, in 
addition to a-phenoxyacetophenone (63%), a 26% yield of 2-phenyl- 
benzofuran. The diazoethane derivative, a-diazopropiophenone, was 
also shown to give the corresponding a-ethoxy ketone (52%) with 
copper in ethanol. 

These reactions may be interpreted145 in terms of a keto carbenc (or 
kcto carbene-copper complex) intermediate undergoing nucleophilic 
attack a t  the methine carbon by an unshared electron pair on oxygen, 
followed by a prototropic shift (reactions 49a and 49b). In  the absence 

cu 
RCOCHNz - RCOCH: + N, (4%) 

R~COCH: + R ~ O H  + R ~ C O C H ~ R ~  - > lilCOCH,ORz (49b) 
I 
H 

of nucleophiles, diazo ketones are converted into diacylethylenes by 
treatment with copper14? (or coppcr salts) 148 in inert solvents such as 
benzene, toluene, or ligroin. The enediones, formally dimers of the 
keto carbenes, probably arise by attack of the keto carbene (or more 
16 + C.E.L. 
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likely, ket:, carbene-catalyst complex) on excess diazo ketone (reaction 
50). 

2 RCOCHNZ - > RCOCH=CHCOR (5C) 

Boron trifluoride etherate was shown by Newman and Beal 149 to be 
very effective in catalyzing the reaction of diazo ketones and alcohols 
(reaction 51). The reaction appears to be quite general even when 

BF3 
ArCOCHN, + ROH - ArCOCH20R + N2 (51) 

t-bxtyl alcohol is employed, although appreciable amounts of catalyst 
cause hydrolysis of the t-butyl ether to the corresponding phenacyl 
alcohol. Yields of ethers obtained by this method are, in general, 
superior to the copper- or cupric oxide-catalyzed reactions. Typical 
results are the preparation of a-methoxyacetophenone ( 79y0), a- 
ethoxyacetophenonc (8 1%), a-isopropoxyacetophenone (69%), u-t- 
bu toxy-#-me thoxyace tophenone (5 7 yo), and a-methoxypropiophen- 
one (60%). Aluminum chloride or stannic chloride could be used in 
place of boron trifluoride etherate ; they produce comparable results. 
The extension150 of the boron trifluoride etherate method for steroids 
enabled the conversion of 2 1-diazoprogesterone (32e) to 2 1 -metlioxy 
progesterone (32 b) to proceed in essentially quantitative yield. 

C. Miscellaneous Reactions 

Although the thermal and photochemical decomposition of diazo 
compounds in alcohols has been employed to prepare ethers, other 
methods are frequently more desirable from a preparative viewpoint. 

The reaction of diazo compounds with unsaturated alcohols appears 
to favor ether rather than cyclopropane formation. D’yakonov 151 
obtained benzhydryl allyl ether (major product) as well as smaller 
amounts of benzophenone azine and 1 - (hydroxymethyl) -2,Z-diphenyl- 
cyclopropane from the thermal decomposition of diphenyldiazo- 
methane in allyl alcohol (reaction 52). 
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The copper-catalyzed deccmposition of ethyl diazoacetate in ally1 
alcohol gave a 52% yield of ethyl allyloxyacetate and 7% of ethyl 
trans-2- (hydroxymethyl) cyclopropanecarboxylate (reaction 53) 161. 

N2CHCOOC2H5 + CH,=CHCH,OH * CH,=CHC1-i,0CH,COOC2H5 + 

Photolysis of an ethereal solution of diazomethane and cyclopenten- 
4-01, however, gave neither the ether nor the cyclopropyl derivative; 
diethyl ether solvent was apparently preferentially attacked 152. 

From the photolysis of diphenyldiazomethane in methanol, a 70% 
yield of benzhydqd methyl ether was obtained153. Kirmse has noted 
the formal acid-base relationship existing between carbcnes and car- 
bonium ions (reaction 54) and has suggested that benzhydryl methyl 

R,C:+ H+ R,CH+ (54) 

ether formation is the result of diphenylcarbene accepting a proton to 
form the diphenylcarbmium ion followed by reaction with methanol 
solvent. This mechanism was preferred over an alternative scheme in- 
volving protonation of diphenyldiazomethane in an excited state on 
the basis of quantum-yield determinations. Photolysis of diphenyl- 
diazomethane in lithium azide-methanol gave benzhydryl methyl 
ether and benzhydryl azide in virtually the same ratio as that obtained 
from solvolysis of benzhydryl chloride (reaction 55). 

CH,OH 
7% (C 6 H 4)'C H 0 C H 3 

Azine monoxides (prepared by peracetic acid oxidation of azines) 
undergo cleavage to the diazo hydrocarbon and carbonyl compound 
photolytical!y, thermally, or by treatment with acid (reaction 56). 

R R R R 
I + I  I I 

ArC=N-N=CAr - > Ar-C-N2 + Ar.-C=O (56) 
I 

0- 
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Aldehydes and ethers are obtained in good yield from the reaction of 
an azine oxide with. an alcohol (or phenol) under acid catalysis (re- 
action 57). Some representative examples are the formation of benzyl 

0- 
H+ 

ArCH=N-d=CHAr + P,OH d ArCHO + ArCH,OR (57) 

ethyl ether (78% yield), benzyl butyl ether (90% yield), benzyl cyclo- 
hexyl ether (74% yield), and benzyl phenyl ether (73% yield). In each 
case, the aldehyde was also obtained in greater than 75% yield. The 
reaction is believed to proceed by initial protonation on. oxygen fol- 
lowed by the addition of water to give an intermcdiate which frag- 
ments to aldehyde and diazo compound; reaction of the latter with 
alcohol gives the ether (reaction 58) 154. 

0- OH 

ArCH=N-N=CHAr + ArCH=N-N=CHAr - Ha0 
> 

I H+ I 
+ 

OH 
I +  ROH 

ArCH=N-N-CHAr ---+ ArCHO + [H,O+] + ArCHN, _j ArCH,OR 

t!l dH (581 

Q. The Reuction of Aromatic Diazoriium Compounds with Alcohols 
Although Griess lS5 originally reported that benzene was produced 

by the action of ethanol on benzenediazonium salts, subsequent 
experime~itation'~~ established that the thermal decomposition of a 
diazonium salt in an alcoholic solution gave a mixture of the aryl alkyl 
ether and an aromatic hydrocarbon (reaction 59). Benzenediazonium 

(59) 

chloride, for example, on treatment with ethand, gave phenetole 
(61%) and benzene (5%). Anisole (major product) and some benzene 
were produced when benzenediazonium sulfate was boiled with 
methanol. 

The decomposition of benzenediazonium chloride in aqueous solu- 
tion leading to phenol is a first-order reaction, the rate of which is 
almost completely unaffected by the presence of other ions (e.g. chlor- 
ide, bromide, nitrate, and sulfate) in moderate concentration. In the 
presence of chloride ion, both phenol and chlorobenzene are pro- 
duced. Benzenediazonium nitrate, bromide, and sulfate, in the 

ArN2kX- + C2HBOH ArH + ArOC2Hs 4- N1 + CH,CHO + HX 
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complete absence of chloride ion, decomposed at the same rate as 
benzenediazoniuni chloride. An SNl mechanism is in  accord with 
these observations, involving rate-determining loss of nitrogen from 
the diazonium salt, followed by a fzst reaction of the aryl cation with 
water to give phenol, and, in the presence of chloride ion, chloro- 
benzene (reactions 60, 61, and 62) 157*158. 

Ar+ + HzO => ArOH -t H +  

Ar+ + CI- ---+ ArCl 

(61) 

(62) 

By analogy with the above considerations, the expected product 
from the thermal decomposition of a diazonium salt in an alcohol is 
the alkyl aryl ether, and it is generally accepted that ether formation 
involves heterolytic cleavage of the C-N bond of the diazonium salt, 
followed by reaction of the aryl cation with alcohol (reaction 63). The 

Ar+ + ROH - > ArOR+ H +  (63) 

reduction product arises primarily by a homolytic path (reaction 64), 

Ar' + RCH,OH - > ArH + RdHOH (64) 

although a hydride-transfer mechanism (reaction 65) has also been 
postulated 159. 

(65) Ar+ + RCHzOH -+ ArH 1- REHOH 

When benzenediazonium fluoborate is thermally decomposed in 
methanol in the presence of air, the reaction mixture becomes acidic; 
nitrogen is liberated quantitatively and anisole (93%) is the major 
product 160. This is in accord with the proposed heterolytic mechanism 
which requires that one mole of H+  and one mole of nitrogen is 
formed for each mole of diazonium salt decomposed. In the presence 
of sodium acetate (Gomberg-Bachmann conditions 161) and absence 
of oxygen, benzene (85-90%) is the principal product; some anisole 
and biphenyl are produced along with a trace amount of azobenzene. 
The oxidation of methanol to formaldehyde (about 85%) accompanies 
the formation of benzene160. Under these conditions the homolytic 
portion of the reaction has effectively intervened. 

The factors that influence the reaction course are the alcohol 
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employed, the nature of substituents in the diazonium salt, the acidity, 
and the presence of oxygen. 

In  general, thc yield of ether decreases at the expense or” the reduc- 
tion product as the alcohol is changed from methyl to ethyl or higher 
alkyl. Thus treatment of benzenediazoiiium fluoroborate with 
methanol, ethanol, n-butyl alcohol, and isopropyl alcohol, respectively, 
in the presence of air, gave the correspondiag ethers in yields of 93%, 
66%, 57%, and 43%. The first-order rates of decomposition in 
methanol, ethanol, and isopropyl alcohol were within about 10% of 
each other. This insensitivity of rate to small variation in alcohol 
structure is understandable in terms of a heterolytic cleavage of the 
diazonium salt to give the corresponding ethers159. The rate of de- 
composition is about twice as fast in alcohols as in water; this is in 
the direction expected for a reaction in which there is charge dispersion 
in the transition state. 

Benienediazonium sulfate, when decomposed in amyl alcohol, is 
reported to give 30% of the ether. When the bisdiazonium chloride 
derived from benzidine was treated with ethanol, biphenyl (80%) was 
obtained, whereas decomposition with methanol gave only a trace of 
the biaryl and a 65% yield of 4,4’-dimethoxybiphenyl. 

The introduction of substituents such as halogen atoms, nitro 
groups, or carboxyl groups tends to favor the replacement of the 
diazonium group by hydrogen at the expense of ether formation. The 
presence of a methyl group or a methoxyl substituent, on the other 
hand, appears to favor ether formation. Although the available data 
do not justify broad generalizations, it would seem that this effect is 
maximal when the substituent is ortho to the diazo function, intermedi- 
ate in the ineta position, and MIeakest in the para p o ~ i t i o n ’ ~ ~ , ~ ~ ~ .  For 
example the diazotized o-, m-, and p-toluidines, on treatment with 
ethanol, give the corresponding ethers in yields of 50%, 40%, and 
20%, respectively. 

Diazotized o-, m-, 2nd p-chloroanilines, as well as the isomeric 
bromoanilines, on treatment with ethanol, give only the reduction 
product. Similarly, only reduction is observed in the reaction of either 
diazotized o-chloro- or o-bromoaniline with methanol. The m-chloro- 
and m-bromoanilines, however, give mainly the ether when decom- 
posed in either ethanol or methanol. The f-chloro compound gives 
only the ether in methanol but only the reduction product in ethanol. 
Identical results were reported for the p-bromo diazonium salt, but it 
was subsequently established that bromobenzene is the major product 
in methanol 1591162. 
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The results of a recent study have rendered it possible to emphasize 
either the heterolytic or hornolytic process by the choice of suitable 
conditions. The following examples illustrate this point. 

Diazotized nz- and k-aminotoluenes, when thermally decomposed in 
methanol in the presence of air (to inhibit the radical process), gave 
the respective ethers in yields of 95% and about 84%. Diazotized p- 
anisidine could be converted either into hydroquinone dimethyl ether 
or into anisole in high yield, depending on whether oxygen wzs 
present or absent. p-Bromobenzenediazonium bisulfate, when decom- 
posed thermally in methanol, gave a preponderance (66-84y0 yield) 
of reduction product; in the presence of oxygen a 70% yield of p- 
bromoanisole results 159. 

A systematic study of the decomposition of several diazonium salts 
with methanol under conditions considered most favorable for ether 
formation, namely, in the presence of oxygen and added acid, as well 
as coiiditions considered most favorable for reduction, i.e. nitrogen 
atmosphere and no added acid, gave the following interesting results. 
Under the former set of conditions, benzenediazonium bisulfate gave 
94% of axhole, thep-toluenediazonium salt yielded 97% ofp-methoxy- 
toluene, the p-bromobenzenediazonium ion formed the cther in 73% 
yield, the p-nitrobenzenediazonium salt afforded a 49% yield of I- 
nitroanisole, and hydroquinone dimethyl ether was formed in 79% 
yield from p-methoxybenzenediazonium bisulfate. Under a nitrogen 
atmosphere and in the absence of added acid the yields of the above- 
listed ethers were, respectively, 73%, 42%, 3y0, 20%, and 4% 159. 

A study of the photodecomposition of the p-nitrobenzenediazonium 
salt in ethanol and methanol solutions revealed that the dominant 
primary reaction was the formation of p-nitrophenyl radical 163. In 
ethanol solution, for example, in addition to nitrobenzene (major 
product) the a- and /3-arylethanols as well as the 1,4- and 2,3-butane- 
diols and acetaldehyde were formcd, but no dinitrobiphenyl. These 
results have bccn rationalized in terms of the primary process shown 
in reaction (66). The small amounts (about 3.5%) of ether formed 

hv 
ArN,+X- ___f Ar' + N3 + 'X 

and the increase in acidity of the photolyzed solution as the reaction 
progressed was interpreted in terms of the heterolytic process given by 
reaction (67). 

(67) 

The photoindcced decomposition of several other diazoniuni salts 

h v  
ArN,+X- w Ar+ + Nz + X -  
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in methanol solution has led to the surprising result that the product 
distribution for the photo process is essentially identical with that of 
the ‘dark’ decomposition 15g. For example the photoinduced de- 
composition of the p-nitrobenzenediazonium salt in methanol gave 
nitrobenzene and p-nitroanisole in yields of 80% and 13%, respec- 
tively, whereas the ‘dark’ decomposition yielded the reduction product 
in 82% yield and the ether in 4% yield. The  ‘dark’ reaction of p-  
toluenediazonium bisulfate with methanol afforded the reduction 
product and ether in yields of 4% and 91%’ respectively; the photo- 
induced decomposition gave toluene ( 12%) and p-methoxytoluene 
(85%). 

Vil. ETHERS PRODUCED BY KOLBE ELECTROLYSIS 

Methanol and water are commonly employed solvents for the Kolbe 
anodic decarboxylation of carboxylic acids and the Kolbe dimer is to a 
varying degree acconipanied by such by-products as nondimeric 
saturated hydrocarbons, olefins, alcohols, esters, and ethers (Hofer- 
Moest reaction). 

It has been suggested that the Hofer-Moest path involves oxid 2 t’ ion 
of electrolytically produced radicals to carbonium ions which then 
attack the solvent (reaction 68). Ether formation is suggestive of a 

RZOH 
RlCOO- + R’COO’ + R1’ - R1+ + R10R2 (68) 

cationic rather than a fiee-radical intermediate siiice radical attack on 
alcohol would be expected to give rise to hydrocarbon by hydrogen 
abstraction rather than ether164. 

Rearranged Hofer-Moest products are frequently obtained, but 
significantly such products are exclusively monomeric whereas di- 
meric products prove to be unrearranged. This is consistent with re- 
arranged products arising from 1,2-alkyl shifts involving a cationic 
intermediate and unrearranged dimer arising from radical coupling. 
Thus Dauben and MuhslG4 obtained, in addition to 58% unrearranged 
Kolbe dimer, 13% of 1-methylcycloheptylmethyl ether and 11% 
1-methylcycloheptene from the electrolysis of l-methylcyclohexyl- 
acetic acid in methanol, presumably via reaction (69). Similar be- 
havior was noted for 1-methylcyclopentylacetic acid164. 

In  general, the yield of Kobe  dimer decreases at the expense of 
ether as phenyl groups (or other carboniurn ion stabilizing groups) are 
substituted on the carbon atom alfiha to the carboxylate function. For 
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example the electrolysis of diphenylacetic acid in a methand-pyri- 
dine mixture gave tetraphenylethane (9% yield) and methyl benzhy- 
dry1 ether (42% yield) IS5; subsequently the yield of ether was raised 
to 60% by using a methanol-triethylamine mixture166. Similarly, 
trityl methyl ether was the major product fiom the electrolysis of tri- 
phenylacetic acid in methanol167. Anodic oxidation of the sodium 
salt of 2,3,3-triphcnylpropanoic acid (36) in methanol gave no 
coupling product (reaction 701, the only product being methyl 1,2,2- 
tiphenylethyl ether (37) IS8. 

Anode 
(&H,),CH--CH-COO- Na+  - > (C~HJ~CH-CH-OCHS (70) 

CHJOH I 
C G H D  

I 

(36) (37) 

Corey and coworkers have established that Hofer-Moest products 
become increasingly iniportant at higher voltages 16g. Thus electroly- 
sis (50 v) of either exo- or endo-norbornane-2-carboxylic acid (38 or 
39) in methanoi-triethylamine produced, as the only ether product, 
the exo iscmer 40. 'When optically active 39 was employed, product 
ether 40 was racemic. Electrolytic oxidation of either exo- or endo-5- 
norbornene-2-carboxylic acid (41 or 42) in methanol-triethylamine 
gave 3-niethoxynortricyclene (43). Thus, the ethers produced are in 
complete accord with a catiocic intermediate 170. 

Further evidence which implicates such an intermediate is the fact 
that electrolysis (15@ v) of cholesteryl-3/3-carboxylic acid in methanol 
yielded 6~-methoxy-3,5-cyclochoiestane, the characteristic solvolysis 
product obtaincd from cholesteryl t~sylate'~',  and a mixture of 
6,5-methoxy-A4-cholestene and 4j3-methoxy-A6-cholestene, obtained 
previously from rnethanolysis of epicholesteryl tosylate lT1. 

CGHD 

16* 
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The anodic reaction of isostevic acid (44) in methanol gave a mix- 
ture of ether 45 and /3-elimination product 46 (reaction 71) ; similarly, 
znodic decarbosylation of 47 in methanol gave rise to ether 48 and 
olefin 49 (reaction 72) 172. (High pH caused hydrolysis of 3-OAc.) 

HO & ti (72) 

(49) 

This anodic decarboxylation-solvolysis method has proved usehl 
for the synthesis of acetsls and mixed acetals. Benzophefione dimethyl 
acetal was obtained (74% yield) from the electrolysis of cr-methoxy- 
diphenylacetic acid in methanol ; electrolysis of a-ethosyphenylacetic 

+ 
((I,H,),~-CH,COOC~H:, - > (C~Hs)zC-CH2COOC,Hs -> 

(C,jH,),C-CH,COOCGH5 (53) 

OCH, 
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acid and a-ethoxydiphenylacetic acid, respectively, in methanol 
provided the corresponding methyl ethyl acetals in over 70% yield 173. 

As already mentioned, electrolysis of triphenylacetic acid in meth- 
anol gave trityl methyl ether. Interestingly, electrolysis of the next 
higher homolog, 3,3,3-triphenylpropanoic acid, in methanol gave the 
1,4-phenyl migration product, phenyl 3,3-diphenyl-3-methoxypro- 
panoate,174 which may have arisen via reaction (73). 
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1. INTRQDUCPION 

A. benerol Properties 
During the last decade there has been a remarkable surge forward 

in discovery and development which has seen the commercial pro- 
duction of many new high polymeric materials with ether oxygen as 
part of the backboiie ofthe polymer chain. The fcllowing examples are 
polymers in which the ether oxygens are separated by one to four 
aliphatic carbons or an aromatic ring. 
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The polyaldehydes, in addition to the moldable plastic poly- 
formaldehyde, now include a clear, tough oriented film from high- 
melting crystalline isotactic polyacetaldehyde In. In  addition to poly- 
urethane rubbers from low molecular weight poly(propy1ene gylcols) , 
a vulcanizable high molecular weight copolymer of propylene oxide 
with an unsaturated alkylene oxide is now available with an interesting 
combination of low temperature, dynamic, solvent- and ozone-resistant 
proper ties. 

High molecular weight crystalline poly(pheny1 glycidyl ether) gives 
orientable films and fibers melting well above 200". Bis (chloromethyl) - 
oxetane resins, in spite of their high cost, have such unusual properties 
of solvent resistance, strength, moldability and dimensional stability 
that they maintain a unique place in the range of synthetic 
plastics. 

Polytetrahydrofuran is believed to make an important contribution 
to the properties of the new 'synthetic leathers', such as Corfam; this 
is because of discoveries of catalysts producing polymers with an 
unusual degree of purity of bifunctioqs!ity and because of its tendency 
to crystallize easily under stress and to resist hydrolytic and oxidative 
decomposition. 

Because of the thermal stabiiity of the aryl ether linkage, recent 
discoveries of polymerization processes for the preparation of poly- 
xylenol (PPO) give promise of useful development of this new material 
with an unusual and interesting combination of properties lb. 

All of these discoveries and developments, which have been made 
within a decade, certaidy suggest that polyethers are destined to 
assume a major role among the synthetic polymeric materials which 
are so important as resins, rubbers, films a.nd fibers. The scope of this 
development is reflected in recent publications 2-4. Because of these 
recent detailed and extensive publications, it is the purpose of this 
article to summarize the major concepts relating to the formation and 
properties of these compcunds, withcjut presenting exhaustive docu- 
mentation. 

Before undertaking a discussion of the chemistry of polyethers, it is 
pertinent to remind the reader of thc important characteristics of an 
ether bond which make it useful as a constituent of the backbone of 
polymer chains. 

First of all, the bond strength of a carbon-oxygen ether bond 
(84-0 kcal/mole) is comparable to that of the usual carbon-carbon 
bond (83.1 kcal/mole). Furthermore, the aryl ether link can be 
further strengthened duc to resonance interaction with the aromatic 
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system (reaction 1). This partial double-bond character has been 
considered as one important reason for the thermal stability of diphenyl 
ether. 

The other significant property of ether linkages is their low barrier to 
rctation. While this is about 3 kcal/mole for the carbon-carbon single 
bond, it is only about 1-2 kcal/mole for the aliphatic ethers. This low 
barrier to rotation was one of the reasons for selecting the poly- 
(propylene oside) chain as a superior candidate structure for a syn- 
thetic elastomer 5.  

6. €poxidti? Polymerizatiori 
The various procedures useful for polymerizing epoxides can be 

classified into three main categories, so far as the mechanism of th.e 
propagation step is concerned, namely, anionic, cationic and coordina- 
tion rearrangement; these mechanisms are represented by reactions 
(2), (3) and (4), respectively. 

RO- + C-C - > ROC-C-O- 

M+ 

-> 

M+ 

C C 

(3) 

C 6 i  
+ L  O R  (4) 

/ 
I 

+o/l e L  L /OR 

‘0 c 
‘C/ ‘c/ 

F\b + ‘2 0- C 

The anionic or base-catalyzed reaction proceeds best for ethylene 
oxide. Even with propylene oxide a chain-transfer process intervenes 
and limits the molecular weight to about 50006-*. Gee has shown that 
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the nucleophilic attack proceeds princiially at  thc primary, rather 
than the secondary carbon atom (rcaction 5 )  '. With tetramethylene 

CH3 
kP I 

-> ROCHZCHO- 

RO- + C H 2 - - - E Z 3 i  (5) 
ROH + CHz=CHCH20- 

kt 
'0' 

oxide the hydrogen-abstraction reaction dominates and an almost 
quantitative yield of an allyl alcohol results (reaction 6). 

Me 
DMSO I 

Mc,C----CMe, + CHz=C-CMe, 
\ /  t-BuO- I 
0 OH 

95% 

The chain-transfer prxess not only limits inolecular weight, but 
introduces al!yl ether end-groups lo. The recognition of an  unusually 
sharp line in the infrared spectra of poly(propy1ene oxide), prepared 
by base catalysis but without treatment with water in any way, and 
its identificzticr, as the cis-propenyl ether band led to the suggestion 
shown by reaction (7) for the mechanism of the loss of the allyl ether 
end-groupsG. 8-12-14. 

H H  
Base I 1  H20 

--OCH2CH=CHQ - > --OC=CCH3 -OH + CH3CHZCHO (7) 

For the cationic process alkyl substitution has a major effect in 
favoring, rather than hindering, the polymerization.. For cxarnple 
ietramethylene oxide, which entirely fads to polymerize with base, is 
rapidly converted into polymer, which does not melt at 300", by treat- 
ment with Lewis acidsI5. 

Vandenberg l5 has found that tram-2-butene oxide, which gives 
only very low molecular weight oils with base catalysts, gives high 
molecular weight polymer very rapidly with triethylalum' lnum-water 
caszlyst, evcn at - 78". It is thus evident that alkyl substituents favor 
cationic polymerization but interfere with anionic propagation. 

In  the coordination rearrangement scheme, which will be discussed 
more fully in the section on stereoselective poiymerization, a Lewis 
acid metal (I,) as its alkoxide coordinates reversibly with the monomer. 
This product can then rearrange, introducing a monomer unit 
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between the catalyst cciiter and the alkoxide group, freeing a coordina- 
tion site for the next stcp. 

The nature of the coordination site (L) is not established, but some 
evidence bearing on its general features will be presented in a following 
section. 

Evidence available to date indicates that all three propagation steps 
proceed exclusively with inversion of configuration a t  the epoxide- 
ring carbon undergoing nucleophilic attack 16. 17* 27. 

I!. STEREOCHEMISTRY O F  POLYMER CHAINS 

For nearly thirty years, ever since thc acceptance of the concept of 
high-polymer molecules by Staudinger la, there has been much 
speculation and research concerning the stereochemistry of such 
‘giant’ molecules. These questions may be divided into two major 
categories, those related to conjguration Qf carbon atoms and those 
related to C O ~ Z O ~ ? ~ Q ~ ~ O ? Z  of the main-chain bonds. We may illustrate 
these problems by considering the structural formula (Ip) for a vinyl 
polymer (reaction 8). While it was once considered that ‘free rotation’ 

(1m> (1P) 

(X = Ph, CI, OCOR, COOR, CN, etc.) 

occurred a t  the carbon-carbon bonds of such a molecule, it is now 
recognized that usually three stable rotational arrangements are 
possible, with definite although low barriers (about 3 kcal/mole) 
between the stable arrangements 2, 3 and 4. 

skew, 

(4) 

The conformational arrangements of chains are affected by many 
factors, such as physical state (crystalline, melt or solution), the nature 
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of the substitucnt X and the configuration of the atom holding X .  
For example crystalline polyethylene (X = H) contains chains with 
all-[ram arrangements. Crystalline isotactic polypropylene (X = CH,) 
has a regular sequence alternating between tram and skew, which 
results in a hclically coiled chain conformation ; the molecules are 
consequently linear and rod-like. Amorphous polystyrene and poly- 
vinyl acetate have a random sequence of all three conformations, 
resulting in a randomly coiled chain conformation. 

However, while the conformation of polymer chains presents 
interestin- theoretical and fundamental questions which also have 
great significance for the important practicai properties of plastics, 
rubbers, films and fibers, these are not the subject of this present dis- 
cussion. Rather we will consider the question of the conzguration of 
polymer molecules. This aspect of polymer stcreochemistry may be 
illustrated by 5 which shows a segment of a polymer chain in the all- 
tram conformation. 

a. 

(5)  

The arrangement indicated, with the substitu.ted groups X all on 
the same side of the planar, zig-zag polymer chain, is now called 
kotactic as suggested by Nattalq, while the arrangement in which the 
sequence of placement of X alternates regularly is called syndiotactic. 
A random sequence of isotactic and syndiotactic is called ~tact ic .  
This conjgurational difference is built into the polymer chain and is not 
altered by such changes in physical state as melting or dissolution. 

Although Schildknecht 2o reported that he could make polyvinyl 
ethers with different physical properties by polymerization under 
different conditions and correctly ascribed the difference to a more 
regular configurational arrangement in some samples, it was not until 
1955 that discoveries were reported of conditions for preparing 
stereoregular polymers ; these discoverics have had enormous practical 
impact on the polymer industry and have intensely stimulated funda- 
mental research around the world on the mechanism of these remark- 
able stereoregulated polymerization processes, which resemble enzyme 
reactions in their amazing stereoselectivity. I n  that year Nattalg pub- 
lished his first report on the preparation of crystalline polypropylene 
(m.p. 170°), making use of catalysts discovered earlier by Ziegler. 
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On the basis of the repeat distance along the fiber axis, as determined 
by x-ray diffi-action (6-5 A), NattaIg concluded that the polymer chains 
niust have a regular helical arrangement of alternating trum and skew, 
conformations and therefore that the configuration must be isotactic. 
A scale model of jsotactic polypropylene in the all-tram conformation 
(5, X = CH,) shows that the methyl groups overlap and it is this 
steric hindrance of adjacent methyl groups which presumably makes 
the linear all-tram conformaf on less stable than the helically coiled 
arrangement. 

Also in 1955 Pruitt and Baggett31 obtained a patent disclosing that 
an iron catalyst would convert DL-propylene oxide into a polymer 
which was remarkable in &YO major respects. Firstly, the product had 
a molecular weight in the rangeof lo5 to lo6, orders of magnitude 
greater than any reported earlier by conventional acid or base 
catalysts. Secondly, it could be easily fractionated into amorphous 
and crystal!ine fractions, rlie latter having a melting point of 70" 
and a clear-cut crystalline x-ray pattern. 

Recognizing the interesting stereochemical features of propylene 
oxidc and its polymer, i.e., that the configurationai differences in 
the polymer arise from truly asymmetric carbon atoms (not pseudo- 
asymmetric*, as in polypropylene and vinyl polymeris), $.hat the 
polymer therefore should be optically active, and that the asymmetric 
atom of the polymer also exists BS an asymmetric atom in the mono- 
mer, in 1952 a program to synthesize and polymerize optically active 
propylene oxide was undertaken (reaction 9). The L-monomer and 

0 

(9) 

C: H3 

polymer were prepared in 195522 and the optically active, crystalline 
polymer lvas shown to have the same x-ray pattern as the optically 
inactive crystalline polymer made by Fruitt and Baggett 21. 

Thus in 1955 the discovery of catalysts producing isotactic poiy- 
propylene from propylene and producing isotactic polypropylene 
oxide from DL-propylcne oxide were both reported. While the former 

* A pscudoasymmctric atom has four different groups, but two of them differ 
only in being nonidcntica1 mirror images. 
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has-reached earlier major commercial application, the latter has had 
features such as those mentioned above, which have made it possible 

' to derive more detailed cxperimental information on the rncchanism 
of this reaction. This discussion will, of course, deal largely with the 
latter, although thc close relationship of olefin and olefin oxide will 
be emphasized. Note that inonomer and polymer 1 are related to 
monomer and polymer 6 by replacing an electron pair in the former 
by an oxygen atom. 

11%. STEREOSELECTIVE PQLYMERIZATION O F  PROPYLENE 
OXIDE 

As has been the case for isotactic polypropylene, where innumerable 
catalysts have now been discovered with varying capabilitics, many 
catalysts have been discovered 23-35 for isotactic poly(propy1ene oxidc) 
in addition to that first reportedz1. 

The original iron catalyst has been proposed to have the structure 
shown by (reaction 10). 

/ CH3 CH3 ' 1  (10) 
E t - 0  

FeCI3 + 4 G, 4 ClFe \OC!HCH20CHCH2CI 

(7: 

Price and O ~ g a n ~ ~  found that, among many Lewis acid metal 
alkoxides, aluminum isopropoxide activated by zinc chloride (8 )  was 
superior. Later diethylzinc-wa ter (9) 24 or tricthylaluminum-water- 
acetylacetone (10) 25 were found to be remarkably active stereo- 
specific catalysts for propylene oxide and related monomers. Thc 

DL-6, + DL-Gp + DL-Gp (1  1) 
7 

Amorphous (75%) rubber, 
molecular weight about lo5 

Crystalline (25%) m.p. 70°, 
molecular weight about lo6 

separation of the atactic and isotactic polymer in this case (reaction 11) 
can be readily and cleanly accomplished by dissolution in acetone 
and chilling to about -30". The isotactic portion separates and is 
collected while the amorphous rubbeiy fraction is recovered by 
evaporation of acetone and then by freeze-drying from frozen benzene. 
Approsimatcly similar proportions of atactic and isotactic polymer 
are obtained by the other catalysts, although the Furulcawa (9) 24 and 
0sga.n (8) z3  catalysts give somewhat less and the Vandenberg 
(10) 25 catalyst somewhat more of the crystallinc fraction. 
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Interesting features of these catalysts have been revealed by a study 
of the polymer they produce from D-monomer 26. The surprising fact 
learned was that, whereas D-6, gave only n-6, in 95% yield by non- 
stereoselective potassium hydroxide catalysis, the stereoselective 
catalysts gave a very considerable proportion of amorphous, soluble 
polymer, as indicated in Table 1. 

TAIXE 1. Properties of amorphous and crystalline polymer fractions from 
D-propylenc oxide. 

Amorphous Crystalline 

catalyst YO 11714 MEJ w L b  1 ~ 3  [ill;' M.P. k ~ l k ~ '  

Fe (7) 60 1-01 -10" 3.3 4-10 -.23" 75 >300 
Al-Zn (8) 50 0.38 - 18.5" 7.7 1-19 -28.6" 68 -44 

Zn (9) 30 0.92 -5.1" 2.5 2.75 -26.8" 62 -24 

0 191 = intrinsic viscosity = 1 . 4 ~  

rn an L-unit. kJkD = (50-[~aIg,J/50. 

MWo4 (in benzene at 25"). 
k, = propagation rate for D-unit adding as n D-Wit; kL = propagation rate for n-unit adding 

C k,/k,  = - x 1 7 ;  s h c r  the m.p. for crystalline polymer from DL-6, is about thc same, 18 
75-m.p. 

this also represents the ra:io of isotactic to nonisotactic placements. 

The formation of substantial amounts of amorphous fraction by 
these catalysts indicates that there are not only catalyst sites capable of 
selecting from m-monomer only D- or only L-units for long sequences of 
highly isotactic polymer, but that there are also catalyst sites capable 
of taking all D-monomer and creating polymer with a substantial 
fraction of random units. The various catalysts differ quantitatively 
in this capacity to invert some of the asymmetric centers. For esample 
Furukawa catalyst (9) produced only 28% of amorphous polymer, 
but it has almost 50% L-units. Osgan catalyst (8) gave a much larger 
yield of amorphous polymer (62%) but this contained only about 
10% of L-units, as estimated from its high optical activity. 

I t  is also possible to estimate the sequence length of the crystalline 
isotactic polymer from the melting point, if we assume that the deprcs- 
sion of nielting point can arise from one syndiotactic placement as 
impurity' in the same way that it can arise from end-groups as 
impurities'. Since isotactic polymer of 3000 molecular weight 
(degree of polymerization equal to 50) has a melting point of 56" and 
the 'purest' isotactic polymer, that from catalyst 7, melting point 75", 

C .  

C .  



508 C. C. Price 

we may estimate that the isotactic polymer from Osgan catalyst (8), 
melting point 68", has an average isotactic sequence length of about 
forty-four and that from Furukawa catalyst (9) a sequence length of 
about twenty". 

Using the Furukawa catalyst as an example we may conclude that 
there must be some catalyst sites which arc stereoselective and, even 
from DL-monomer, that they \ d l  select so as to produce polymer chains 
with an  average sequence of about twenty-four isotactic placements 
between syndiotactic placements. There are other sites which produce 
atactic polymer, even from L-nionomer, with almost a completely 
random seqlience of units. 

I n  addition to sites which produce partially or largely racemized 
amorphous poIy(propy1ene oxide) from D-monomer and isotactic sites 
which produce isotactic poly- (D-propylene oxide) even from DL- 
monomer, it has recently been shown by Vandenberg27 that his 
catalyst (10) will invert the configuration of one asymmetric center of 
meso-2-butene oxidc, producing an optically inactive but stereo- 
specifc DL-polymer (11,) (reaction 12). 

W r n )  
meso-tbutene 

oxide 

(11,) (12) 
m.p. about IOO", > 90% 

(and all /-isomer) 

The stereoc1i.emistx-y of this polymerization must involve a high 
degree of selection, successive ring opening occurring with inversion at  
C,,, at one stereospecific site, with inversion at  C,,, at another, in 
order to produce raceniic isotactic polymer. These results prove that 
selective inversion is also possible by stereoselective catalysts. 

I n  addition to this important contribution, Vandenberg 25 also dis- 
covered that triethylaluminum-water catalyst (12) in heptane solution 
at  -78", which gave amorphous, atactic polymer from ll,, never- 
theless gave stereoregular crystalline polymer from trans-2-butene oxide 

0 From an entirely different analysis, baaed on x-ray and density data, S. L. 
Aggarwal (148th Meeting Am. Chem. Sci., Seji .  1964, Chicago, Illinois) estimated 
isotactic sequcnce lengths about one-half those we have estimated from melting- 
point data. 
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(13,) (reaction 13). Here also there was stereoselection and inversion 
of one asymmetric center of each monomer unit. 

CH3 CH3 

n 

3L- (or D-) 

(13,) 
m.p. about 160", 97% (13) 

(13,) 

Furukawa, Tsuruta and coworkcrs 28 have shown that diethylzinc 
activated by L-borneol is not only capable of partially racemizing 
asymmetric centers of L-monomer, but also partially resolving DL- 
monomer, producing partially cptically active isotactic polymer from 
DL-propylene oxide. Furthermore, the monomer recovered is enriched 
in the opposite isomer. Thus the optically active catalyst made with 
L-borneol not only produced isotactic polymer but selectively does so 
more readily from L- than from D-monomer. Such selectivity could not 
be produced by cata.!ysts made from diethylzinc--water-~-6, or from 
7 and D-6, or from 8 and ~ - 6 ~ " .  

Very recently Tsuruta3' has shown that a catalyst prepared from 
diethylzinc and an oligomer of D-propylene oxide prepared from 
monomer and sodium methoxide was stereoselective in fzvor of 
L-monomer (reactions 14 and 15). 

DL-6, 
Catalyst ----f(DL + L)-% + (DL + 0)-6, (15) 

IV. CATALYST STWDIES 

The nature of the Pruitt and Baggett catalyst (7) has been the subject 
of several recent investigations. Gee, Higginsoii and Jackson29 have 
prepared it under strictly anhydrous conditions and then studied the 
eKect of addition of controlled amounts of water. In the absence of 
water, thc reaction had an induction period, followed by a rate 
of conversion first order in both catalyst and monomer. Addition olr 
water (up to two moles per mole of iron) had the l'ollowing effects: 
(u)  elimination of the induction period, (6) first an increase iil rate 
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(up to one mole) and then a decrease in rzte and (G) a steady increase 
in the fraction of product which was crystalline (from 15% anhydrous 
to 85% at two moles of water). They confirmed the earlier proposal 
for the structure of the catalyst (7) and suggested that the function of 
water was to hydrolyzc the alkoxide links producing oxygen liiiks 
between iron. atoms. 

I t  had been observed earlier that bulk polymerization with catalyst 
(7) , which was initially homogeneous, produced a precipitate on 
heating to polymerization temperature of 80" and that polymer grew 
upward from this precipitate in an unstirred vessel. 

The magnetic characteristics of the Pruitt and Baggett catalyst hzve 
also been the subject of a careful investigation made by Makishima30. 
Ferric chloride in ether was found to have a broad band (600 gauss) 
in the electron spin resonance spectrum and was shown to have five 
unshared electrons by magnetic susceptibility measurements. A 
catalyst solution made from ferric chloride and propylene oxide 

showed a narrcw electron spin resonance band (60 gauss) and three 
unshared electroils. These data were interpreted on the basis that 
ferric chloride exists as the dimer in ether, broadening the electron 
spin resonance band, whereas 7 is unimolecularly dispersed, perhaps 
due to chelation effects. 

The  reaction of diethylzinc with water to produce catalyst '9 has 
also been studied carefully by F u r u k a ~ a ~ ~ .  31 and by Herold, Aggarwal 
and Neff3". The course of the reaction seems well establishcd (reaction 
16). 

Fast Slow 
EtZnEt + H20 + EtH + EtZnOH - > EtH + (ZnO), (16) 

The 'zinc oxide' formed by the second step is aggregated to such 
an  extent that it gives no measurable depression of thc frcezing point of 
dioxane, but it does give clear solutions. Since ordinary zinc oxide has 
very little catalytic activity, conversion of the 'active' zinc oxide 
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catalyst to its normal state of aggregation or crystallinity may reprc- 
sent the very slow catalyst deactivation process. 

Tswuta28 has shown that the reaction of alcohols with diethyl- 
zinc also procecds in two steps (reaction 17) and believes that amor- 
phous zinc dialkoxide so produced is an active catalyst for conversion 
of 6, into isotactic 6,. 

Fast Slow 

ROH 
ErZnEt + ROH - > EtZnOR + E:H __j ROZnOR + EtH (17) 

The intermediate ethylzinc akoxide has becn isolated in the crystalline 
state (for R = CH,) and shown to’be a less effective catalyst than the 
dialkoxide. 

V. CONCEPTS O F  MECWANlSM 

In 1356, Price and Osgan 32 proposed the coordination-propagation 
scheme shown by reaction (18) to explain the stereoselective poly- 
merization of propylene oxide by catalyst 7. Such a mechanism 

OR OR O R  

/ ‘0-C;;’, ‘CH, 

(18) 
k2 \ / 

Fe - Fe __f Fe CH 
kl \ / \ /  - 
k-l / r\ 6+ 

0-CHCH, 
/ 

! /  
CH2 
(i4) 

(7) 

adequately accounts for the kinetics observed by Gee29. I t  predicts 
that alkoside groups attached to the metal might become end-groups 
in the polymer, as has been observed by Price and Ebert 33 for catalyst 
8 and by Tsuruta 28 for diethylzinc activated by 9-anthranylmethanol 
and tritiated methanol. Thc closc proximity of an asymmetric center 
in R and the asymmetric carbon of the incoming propylene oxide 
moiecule could explain the stereoselection and the optical activity 
arising when R = D-borny128. 

The generation of a ‘free’ carbonium center at the asymmetric 
secondary carbon atom of 14 could account for the partial inversion 
of 0-6, which must occur in the formation of the amorphous fraction 
of polymer by catalyst 7.  Ring opening with retention of configuration 
cannot explain the data of ’Vandenberg, however, who found inver- 
sion occurred in the stereospecific polymerization of cis-2-butene 
oxide ( Il,). I t  would therefore seem likely that ring opening may occur 
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in a similar manner for propylene oxide at  stereoselective sites. In 
this case, an inversion mechanism would presumably cccur preferen- 
tially at the primary carbon atom and would not be evident since this 
carbon atom is not asymmetric. Thus of the two possibilities for the 
mechanism of ring opening at  stereoselective sites originally con- 
sidered in 1956 by Price and Osgan (see footnote 17, reference 22), 
ring opening at  the asymmetric atom with selective retention of con- 
figuration or ring opening at the primary carbon atom (also, of course, 
with retention of configuration at the asymmetric carbon), the second 
seems now almost certainly the correct choice. 

I t  is still not possible to decide whether the stereospecific coordinate 
propzgation reaction occars on a single metal atom or involves two or 
more. For inversion of configuration to occur at  one carbon atom 
during ring opening, the two oxygen atoms and the carbon atom must 
be essentially linear and the oxygen-oxygen distance should be about 
3 A. Furukawa has estimated the distance between two oxygen atoms 
attached to any of a number of hexacoordinate metals as between 2-8 
and 2.9 A, so perhaps the model 15 is geometrically feasible. The 
oxygen-oxvgen distance in 16 would be only slightly larger (&e to 

n 
the fact that the MO-M angle may be somewhat greater than 90'). 
However, model 15, with the metal hexacoordina te, would have 
another atom directly above and one directly below the metal M. 
Since at  least ofie hydrogen atom on the carbon atom undergoing 
inversion must be directed toward M, it would seem that this arrange- 
ment could not have enough room inside the strained four-membered 
ring to accommodate even one hydrogen atom. The model 16, 
however, would not only involve much less angular strain, because the 
ring is now- six IT. enbered, but would have much more room tG accoin- 
modate the inwardly directed hydrogen atom (or atoms). I t  is there- 
fore Gee's opinion29 and ours that the two-centered model (16) can 
much more satisfactorily account for the inversion of one carbon atom 
in ring opening. 
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There have been several suggestions as to why stereoselective 
catalysts produce isotactic (rather than syndiotactic) polymer from 
propylene oxide. Essentially, any mechanism must make use of the 
stereochemistry of the preceding unit in order to direct the stereo- 
chemistry of the incoming unit.* C ~ r e y ~ ~  expanded the Price-Osgan 
one-center mechanism in an interesting and clever way for this pur- 
pose. Assuming a hexacoordinate metal atom, the Corey proposal 
can be represented as reaction (19). The polymer chain is attached by 

an alkoxide bond at  Oc2, and forms a chelate five-membered ring by 
coordinaticn of the penultimate oxygen (O(J. The incoming monomer 
is first attached by coordination through oxygen and rearrange- 
ment with ring opening then occurs producing a second chelate ring. 
The two five-membered rings are folded a t  nearly a 90" angle on the 
Fe-O,,, axis. Corey proposes thzt these two rings could form at this 
sharp angle only if the methyl groups were directed outward from the 
fold, which in fact would produce isotactic polymer. The major prob- 
lem with the Corey hypothesis is the fact that isotactic polymer is 
produced by ring opening of propylene oxide at the methylene group, 
with inversion of configuration, so that the objections raised to model 
15 hold for the Corey model also. 

The earlier suggestion that the noncrystalline 22 fraction accompany- 
ing the optical!y active crystalline poly(propy1ene oxide) frGm 
D-propylene oxide was formed by ' cationic ' opening at the secondary 
center, accompanied by racemization, has recently been shown to be 
incorrect 17- 2 7 *  35, VandenbergZ7 has reported that inversion of con- 
figuration occurred at the expoxide-ring carbon atom undergoing 
nucleophilic attack when cis- and trctu-2-5utenc oxides were poly- 
merized by either cationic or coordination-rearrangement type 

'* Tsuruta28c has recently resolved DL-isotactic 6, and believes this sup- 
ports the view that asymmctcry of the catalyst site, not merely the asymmetry 
of the preceding unit of the chain, must be responsible for the stereoselection. 

17 + C.B.L. 
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catz?lysts. These observations have been extended to cis- and trans- 
dideuteroethylene oxides for all three catalyst types (reactions 20 and 
21) 17*35. Thus the course of reaction has been shown to involvc ring 

H D 

\C/ 

O’i \ 

H ’ \o 

Catalyst 
_j 

H D 

Catalyst 

\ 

(Catalyst = t-BuOK in dimethyl sulfoxide, Et3AI-H20, EtzZn.HzO, FeCI,, 
(propylene oxide),) 

opening with inversion of configuration at both prirnaryl7 and 
secondary37 carbon atoms. 

Tumulo 36 discovered a procedure for degradation of poly(propy1ene 
oxide) through treatment with ozone followed by lit-hium aluminum 
hydride. By this procedure essentially one ether bond is cleaved to two 
hydroxyl groups for every equivalent of ozone consumed. By using 
50 mole per cent of ozone an appreciable yield of dipropylene glycol 
was formed (reaction 22). It was shown that the three structural 

I .  0 (22) Poly(propy1ene oxide) HO 

isomers, diprimary, disecondary and primary-secondary could be 
readily separated and identified by gas-liquid chromatography. 
When high molecular weight crystalline polymer was used, the mole- 
cular weights and melting points for the samples were as summarized 
in Table 2. The dimer fraction from this polymer was over 99% of the 
unsymmetrical glycol 19 in agreement with a regular istotactic, 
head-to-tail structure. 
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 ABLE 2. Isotactic poly(propy1ene oxide) by ozone cleavage of a sample with 

molecular weight 2 15,000 (m.p. 68-5", [q] = 2.53). 

Mol. wt. Ed M.p. Proportion of O3 Equiv. GJequiv. 0," Degree of 
("4 (mslg) polymerization 

- - - 2 15,000 2-53 75 
18,000 0.33 64.5 3-25 254 310 
2,000 - 56 24.0 34.5 34.5 
1,800 - 56-5 23-8 34.7 31 

920 - 36 a9 9.3 15.9 
833 - 33-5 92 9.0 14.4 

Should equal D.P. (degree of polymerization) if each ozone molecule randomly cleaved one 
ether linkage. 

7H3 iH3 CH3 
I 

HOCH,CHOCH, HOH 

(1s) (19) 

SH3 CH3 CH3 

HOCH,CHO ' 2  HCHzOH HO HCH,OCH,CHOH 

(17) 

For the noncrystalline fractions from several diiferent catalyst 
systems, the proportion of symmetrical glycols was considerable i7, 
indicating head-to-head, tail-to-tail sequences in the polymer chain. 
The results are summarized in Table 3. The excellent agreement 

TABLE 3. Head-to-head structure and optical activity in poly(propy1ene 
oxides). 

yo Head-to-head glycol 

Catalyst Polymer m.p. [ a x 0  Experlmcntal Czlculateda 

Zn (9) Amorphous -5 39 
Fe (i) Amorphous - 10 33 
Al Amorphous - 18.5 25 
KOH 56 - 20 10 
Zn (9) 68.5 - 25 < I  

40 
30 
1 3b 
10 
0 

C Calculated percentage head-to-head glycol = 2(25 - [a]go). 
b This apparent discrepancy may arise because the data on optical activity werc from polymer 

made with catalyst C while the data on head-to-hcad structure werc from catalyst 12. 

between the percentage of glycol which is head-to-head (19 + 18) and 
the percentage of inversion from optical rotation dataz5 supports the 
view that the irregularity causing noncrystallinity is indeed structural 
as well as configurational". A reasonable hypothesis to explain these 

* E. J. Vanderberg (private communication) has observed approximately 
the same proportion of head-to-head dimer units when amorphous fractions of 
6, are degraded by a different procedurc. 
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facts would be that isotactic catalyst sites are highly selective for ring 
opening a t  the primary carbon (presumably with inversion a t  this 
carbon) producing only head-to-tail sequences and, from D-monomer, 
only D-units dong the chain. 

The catalyst sites producing amorphous polymer appa.rently have a 
far lesser sclectivity with respect to opening at the primary or secondary 
carbon atom. When D-propylene oxide is the monomer, those units 
incorporated by opening at the primary carbon (‘normal’) will retain a 
D-configuration at the asymmetric secondary carbon. Those monomer 
units incorporated by opening at  the secondary carbon (‘ abnormal’) 
will provide units bead-to-head with respect to ‘normal’ units and 
will have the configuration of the asymmetric secondary carbon atom 
inverted kom D- to L-configuration. 

These observations offer further support to the model 16 for the 
catalyst site. 

Tsuruta’s 28 observations that D-borneol will activate diethylzinc to 
give a catalyst producing partiaily active D-isotactic polymer and 
correspondingly leaving L-monomer unreacted supports the view that 
D-borne01 (but not D-monoiner26 or many other optically active 
alcohols) 37 can produce catalyst sites retaining asymnietry from the 
initiator. and selectively resolving the DL-monomer in the coordination 
stage. One might explain this remarkable discovery by assuming that 
one or more of the unfilled ligand positions of 16a is occupied by the 
bornyl residue (OR2). One requirement for retention of optical activity 

C 

(16a) 

{RI = growing polymer chain, RZ = D-bornyl) 

at this catalyst site may be the unreactivity of the R20  group in 
migration during thc rearrangement stage. Many alkyl groups do 
migrate, becoming polymer chain end groups 28b. 33. Perhaps the 
bornyl group is sufficiently hindered to resist attack by the coordinated 
epoxide in the rearrangement step. 
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VI. POLY(PHENYLEME OXIDES) 

I n  the search for more stable polynieric substances, the stability of 
diphenyl ether hz.s served as a stimulus. The carbon-osygen bond in 
aryl ethers is considerably more resistant to thermal, acid and oxida- 
tive cleavage than the alkyl ether bond, due to resonance with the 
ring (reaction 23);  this decreases the basicity of the oxygen and 
imparts some double-bond character to the ether link. 

0 6 0 - -  Other  structures 

(23) 

The most successful efforts to incorporate this linkage as the building 
unit of high polymer has been in the case of p o l y x y l e n 0 1 ~ ~ ~ ~ ~  which 
has recently been developed commercially and will be sold under the 
designation of PPO (poly(pheny1ene oxide)) Ib. 

Over half a century ago Hunter4' made an extensive investigation 
of the amorphous products fcrmed from trihalophenols under a variety 
of conditions and concluded that they were polymers involving con- 
densation with elimination of a halogen atom per unit, producing 
polymer with both ortho and para linkages and a molecular weight of 
about two thousand (reaction 24). 

We were interested in extending these observations to monohalo- 
phenols to give units of Lsed structure and to explore the mechanism 
of this interesting polycondensation reaction. The most suitable 
monomers were found to be 4-halo-2,6-dialkylphenols, with primary 
alkyl groups. 4-Bromo-2,6-xylenol was found to be indefinitely stable 
in alkaline solution, no measurable nucleophilic displacement of 
halogen occurring in a week. Addition of a one-electron oxidizing 
agent such as ferricyanicle ion, iodine or lead dioxide, which are 
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particiilarly effective in converting 2,4,6-tri-l-buty!phenol into its 
stable blue free radical, leads to polymerization in a few seconds with 
quantitative liberation of bromide ion (reactions 25 and 26). The 

t - B c q  OH -Bu t-Bu@ 0. -Bu 

PbO, (25) 
or F~(cN):-’ 

t-Bu t-BU 

molecular weight - 25,000 

(21) 

polymerization process is greatly facilitated by a layer of benzene to 
dissolve the polymer as it is formed. I t  has been proposed that the 
polymerization proceeds through phenoxy-radical attack on phenolate 
ions, probably at the water-benzene interface (Xyl = f-xylyIene 
unit) (reaction 27). 

Solvolysis of the a-bromo ether (22) should occur exceedingly readily 
to give bromide ion and a dimeric phenolic radical which can then 
attack another bromoxylenolate ion to continue the propagation 
reaction. The process is thus a typical chain-reaction process in which 
a chain grows rapidly to high molecular weight and eventually ter- 
minates. Thus polymer at even 5yJ conversion has high molecular 
weight. 

Concurrently with our work on the haloxylenol polymeiization, 
Hay 39 discovered a new oxidative polymerization process for xylenol 
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itself producing the same polymer (reaction 28). They have reported 

(21) 

molecular weight 20,000-1 00,000 

many interesting features of this remarkable and important process 
listed as follows: 

1. It is a polycondensation reaction, proceeding stepwise to give 
dimer, trimer, etc. Thus at 50% conversion the product is a low 
molecular weight oil and dimer and trimer polymerize as readily as 
monomer. 

2. The dimer methyl ether is an inert diluent in polymerizing 
monomer. 

3. The importance of the phenolic hydrogen is further supported 
by the fact that monomer with 0-2H polymerizes more slowly than 
with OH (k,/kz, = 2.5). In contrast 4-2H monomer polymerizes at 
a rate virtually identical to the normal monomer. 

Since found the polyxylenol made by either the Hay or the 
Price-Staffin procedure can be crystallized, this would suggest that 
only the 4-hydrogen atom is affected by the Hay oxidative polymeriza- 
tion scheme. The special relation oi’ the ol-tho and para positions in 
both is further supported by the need to have the 2,6-methyl groups, 
and the hindering effect of adding two more in the 3,5-positions, 
When we41 made a study of monomer with 3- and 43H we were 
therefore surprised to find that there was some retention of 4-3H and 
some loss of 3-3H during the polyrneri~ation~~. The course shown by 
Scheme 1 was suggested to account for all these observations42. 

Radical-radical coupling to give 24 is promoted by the resonance 
between the ‘diradical’ (23a) and zwitterionic (23b) states through 
the chain of atoms all having 2 F - t y p e  orbital resonance potential. 
Direct loss of the 4-hydrogen atom evidently competes with proton 
~ g r a t i o n  to produce t!ie intermediate 24 in which the 4-hydrogen 
atom has become equivalent to one of the two 3-hydrogens. The 
resonance depicted by 23a and 23b must stabilize intermediates of 
this type as readily when the phenoniuni ring unit and the terminal 
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Me 

C,H5N + Cud1 + G O H  --+ GO* + 
CKI + C,H,~H 

\ I 
'Me Me 

1 
Me 

HXylOXylOH < CsH,N [ H x y r ? 2  0 ' 

Cu+CI 1 Me . 
HXylOXylO. 

2 HXylOXylO- _j 

HX y I OX y I OXy I OX y 10- 

Tetramer radical 

Oxidant 

.lo, 
CuCI' -t HzO 

Me 

H x Y I 0 x Y I OQ 

3H --' 

Me Me 

H X y  I 0  X y l O @ o d  

Me Me 

3H - 0 O- 

P3b) 

0- 
\ 

Me Me 
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phenolate ring are separated by hundreds of intervening phenylene 
oxide units as when they are adjacent. 

Both the oxidative coupling and the halo-displacement polymeriza- 
tion procedures are highly sensitive to the nature of the 2,6-substituents. 
When either of these is hydrogen, no high polymer is formed. With 
2,6-di-t-butyl groups, oxidative coupling gives a dirneric dipheno- 
quinone and the bromo-displacement reaction fails to give polymer. 
Ally1 groups in the 2- or 2,G-positions inhibit polymerization by oxida- 
tii:e coupling, but produce polymer (or copolymers) with allylic side- 
chains by bromodisplacement polymerization. 

has reported that poly(pheny1ene oxides) can be prepared 
from diazooxides (reaction 29). 

(X=CI, Br) 

Me 

Me 

(25) 

Me. 
HOXylO(CHz)4OXyl Nz+ 

HOXylO(CHJ,OXylb + Nz 3 
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The halogen atoms haw been ascribed an important role in the 
carbene-methylene interconversion in this polymerization 43b. 

Efforts to extend this reaction for the case of X = CH, gave no 
polymeric products except in THF 4 4 *  45 or dioxane (reaction 30) 45. 

I n  this process, the THF (or dioxane) oxygen displaces the diazo 
group. The resulting oxoniuni ion then undergoes nucleophilic attack 
by the diazooxide oxygen. This sequence leads to a 1 : 1 copolymer of 
alternating aryl and alkyl units. 
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1. lNYROBUCTlON 
Ethers, organic sulfides, and selenides are three types of structurally 
related compounds containing an atom from Group VIb  of the 
periodic table. As they are typical representatives of oxygen-, sulfur-, 
and selenium-containing organic compounds, respectively, they are 
suitable for a comparative study of those properties which are func- 
tions of the particular heteroatom. Taking both physical and chemical 
properties into account, the observed differences can be divided into 
two classes. The first comprises those differences which are due to 
different molecular weights and are best considered as quantitative. 
The second class includes those differences which appear to be of 
qualitative nature; they are related to the location of the heteroatom 
in its particular row of the periodic table, i.e. to the electronic con- 
figuration and properties of the atomic oi3itals which are of funda- 
mental importance to the chemical properties of the element. The 
possible use oi' d orbitals in sulfur and selenium provides these heavier 
elemer,ts with distinctly different properties as compared with oxygen. 
Qualitative differences between oxygen- and sulfur-containing com- 
pounds 2.re generally of a morc profound nature than those between 
sulfur- and selenium-containing ones. 

These variations in properties can be made use of in practical 
applications: one of these is the interconversion of ethers, organic 
sulfides, and selenides. Studies of exchange reactions of compounds 
with heteroatoms from Group VIb have so far proceeded mostly along 
lines determined purely by practical requirements. Most attention has 
been paid to reactions which convert easily accessible compounds into 
relatively inaccessible ones. This is an understandable tendency, but 
unfortunately it irnposes an arbitrary limitation on the scope of the 
studies. Because of this, a rather incomplete picture of the field is given 
by the literature. Most papers deal with the conversion of oxygen- 
containing compounds into sulhr- or selenium-containing compounds, 
and reactions involving the former two classes of compounds have been 
studied much more thoroughly than those involving selenium- 
containing compounds. 

Many theoretically interesting interrelations between oxygen-, 
sulfur-, and selenium-containing organic compounds await further 
studies and it is hoped that the present chapter might provide :;ome 
incentivE. 

The main subject of this work is the interconversion of ethers, 
organic sulfides, and selenides. The methods used to effect these 
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changes are usually quite general and can sometimes be applied to all 
nucleopliiles derived from the particular heteroatom. Examples have 
been chosen so as to keep the contents as homogenous as possible. On 
the other hand, some reactions are discussed in a more general manner, 
as it was clearly undesirable to take detailed information out of a 
broader context. This suggests some possibilities which have so far been 
neg!ec ted. 

91. THEORETBCAL CONSlDERA?IQNS 

The data given in this section characterize some of the basic properties 
of oxygen, sulfur, and selenium, both as elements and in compounds. 
They should help to establish a general picture of the basic problems in 
the chemistry of organic compounds containing these three clemcnts, 
which in turn should be helpful in giving some idea of the possibilities 
of interconverting ethers, organic sulfides, selenides, and some addi- 
tional related compounds. Most of the data are summarized in 
Table 1. 

Table 1 clearly shows the higher degree of similarity between 
selenium and sulfur than between sulfur and oxygen, especially in 
electronegativity, covalent bond energies, and ionization energy. The 
difference in the covalent radius between oxygen and sulfur is similarly 
much greater than that between sulfiir and Jelenium. This factor is 
important in steric effects as is clearly seen, for example, from the 
difference in the energy barriers to free rotation along the G O  and 
C-S bonds. The decrease in bond angle in the heavier elements acts 
in the opposite direction. Electron distribution, which is a function of 
the electronegativity of the heteroatom, in dimethyl ether and its sulfur 
and selenium analogs demonstrates the inductive effect of these ele- 
ments, just as the urn values do, at least approximately. Differences in 
the ratio of the up and urn values provide an approximate mcasure of 
the conjugative properties of the heteroatoms. The lower conjugative 
properties of the heavier elements can bc explained by a less 
efficient overlap of 2 p  with 3p orbitals as compared with 2f with 2 p  
orbitals. 

A fundamental difference in the properties of sulfur and selenium in 
comparison with those of oxygen is due to the former two being able to 
expand their valence shells. This involves the d orbitals of sulfur and 
selenium, and provides a basis for :o-called d-orbital resonacce which 
can be represented by reactions (1) and (2). I n  this chapter it is only 
possible to refer the reader to a comprehensive reviewQ. 
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TABLE 1. Atomic propertiesa of oxygen, sulfur, and selenium. - - 
Propertya Bond or com- Oxygen Sulphur Selenium 

poundb 

Atomic wcight 
B.p. ("c) 

Covalent radius of X (A) 

Energy barrier of inter- 
nal rotation (kcal/ 
mole) 

Bond angle (degrces) 

Electronic configuration 
(last shell) 

Electronegativity accord- 
ing to Pauling 

Experimental covalent 
bond energy (I;cal/ 
mole) 

Calculated covalent bond 
energy (from electro- 
ncgativities) (kcal/mole) 

(kcal/mole) 

X (kcal/mole) 

bond energy (kcal/mole) 

Heat of atomization 

First ionization energy of 

Experimental covalent 

Individual b m d  moment 

Charge localized in M e  
Charge localizcd in X 
Basicity (PIC,) (Ho  units) 

MczZX 
PhsX 
Y--x 
Y=X 

M c X M e  
Me-XH 

HjiH 
Me%c 
Cl2Cl 

x-x 

x-x 
x-x 

X-H 
C - X  
c=x 
C--s 
c=x 
MezX 
Me& 

LJ 
-XMe 
-XMe 
-XH 
-XH 

16.000 32.066 
- 24.9 37.3 

0.66 1 *04 
0.55 0.94 

258.3 296-297 

3.1 2.0 
3.4 1.5 

104.45 0.1 92.2 0.1 

111 5 3 
110 & 1 

{ (2?, 62p4) 

3.5 

118.3 

81.0 

59. i 4 

314 

109.4 
84.0 

169 It: 5 
0.86 
2-40 
0.13 

- 0.30 
- 2.05 

0.1 15 
- 0.268 

0.12 1 
- 0.37 

105 & 3 
102 & 3 

2, 8 9  6 
(3s2, 3P4) 

2.5 

76 

50 

53.25 

239 

87 
62.0 

114 
0.95 
2-80 
0.05 

-0.11 
- 5.1 

0.15 
0.00 
0-25 
0-15 

78-96 
58 

1.17 
1.07 

301-302 

91.0 & 1 

2, 8, 18, 6 
(4P, 4P4) 

2.4 

65 

44 

48-37 

225 

67 

0.07 
-0.13 

~~ ~ 

a For a detailed discussion of these propertics see rcfcrcnces 1-8. 
b X = 0, S, or Se atom. 
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Basicity is an important factor in the interconversion of ethers, 
sulfides, and selenides. Proton affinity decreases in the series Me,O > 
Me2S > Me,Se, as does affinity towards BF,. On the other hand, the 
order of affinities towards BH, and BMe, is different: Me,S > 
Me,Se - Me20. The afFinity of Lewis acids towards both Me,S and 
Me,Se is in the order BH, > BF, > BMe,l0. 

The formation of complexes with transition metal ions also plays 
an important role in the interconversion discussed. In  this case the 
strength of the complex-forming bond increases with increasing atomic 
number; in the case of reaction Of$-MeXC6H4S03-(X = 0, S, Se) 
with Ag+ ions, the rnethoxy compound does not react at all and the 
complex formed by the methylseleno derivative is 1 -3 kcal/rnole 
stronger than that formed by the methylthio derivative1'. 

I n  most cases relevant to the oxygen, sulfur, and selenium inter- 
conversion, nucleophilicity towards a saturated carbon atom plays a 
significant role. This strongly promotes the reactivity ofsulfur-contain- 
ing nucleophiles in comparison with the oxygen-containing ones : 
C4H,S- > C6H5S- > S,0s2- > SC(NH,), > SCN- > OH- > 
C6H50- > MeCOO- > H2012. 

Much important information available for oxygen- and sulfur- 
containing compounds is missing for selenium derivatives. In these 
cases the fact that the latter are closely related to their sulfur analogs 
provides a useful first approximation. 

Il l .  SYNTHETlC METHQDS 

A. Conversion of Ethers and Acetab 

9 .  Tkerm~i methods 
The energy required to effect G O  bond cleavage and convert. 

ethers into sulfides is met by carrying out the reaction at an elevated 
temperature. 

The cases where the reaction is carried out without the use of a 
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catalyst are not common. One example is the reaction of benzyl 2- 
quinolyl ether with thiophenol at  150-1 70", yielding benzyl phenyl 
sulfide (reaction 3)13. The cleavage is facilitated in this case by the 

150-170" + PhSH + PhCHzSPh 4 

stability of the benzyl group, either in the cationic or in the radical 
form. The reaction is in a way analogous to the oxygen-sulfur con- 
version in thio 0-acid esters, which is more often used for practical 
purposes*. An example is the thermal rearrangement of methyl esters 
of xanthogenic acids, an intramolecular reaction of the type shown by 
reaction (4). This rearrangement has found frequent practical use in 

I I 
-C-O-C-OCH3 + -C-S-C-OCH, 

' s  I1 ' 0  II 
(4) 

the chemistry of carbohydrates 14, @amino alcohols 15, and esters of 
thio 0-acids 16> Particularly importan!. is the thermal rearrangement 
of 0,O-diphenyl thiocarbonate to 0,s-diphenyl thiocarbonate in view 
of the usual reluctance of the phenolic C-0 bond to break in any 
manner (reaction 5) 17. 

Ph-0-C-0-Ph + Ph-S-C-0-Ph 
II 
0 

I1 
S 

Mu& work has been devoted to the conversion of ethers into sulfides 
using contact catalysis and high temperatures ( > 300"). Chemisorption 
at the active surface of the catalyst, usually Al,O,, Al,O, + K2WOa1*, 
Th0219, or Zr0220, leads at this high temperature to fission of G O  
bonds, including those which are not weakened by structural features. 
The reaction has been used mostly for the preparation of mono- and 
polyalkjjl-substituted cyclic sulfides from the corresponding ethers 
(reaction 6) 21-24. Because of the reaction conditions, structural 

Thiocarboxylic acids of the form RC(=O)SH are termed S-acids (e.g. thio- 
acetic S-acid, CH,COSH) ; acids RC(=S)OH are termed 0-acids (IUPAC 
rulcs). 
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features in the reactant or in the reaction intermediate may result in 
isomerization of the product, to the thermodynamically most stable 
form; for exariple, a four-membered ring may expand to a five- 
membered 26. The formation of dihydrothiopyran from tetra- 
hydrofury1 alcohol and hydrogen sulfide (A1203, 300") 27 is analogcus 
to the formation of dihydropyran. Under more drastic conditions dis- 
proportionation occurs, giving rise to thiopyran and tetrahydrothio- 
pyran (reaction 7) 28. Using almost identical conditions, furan has been 

converted into thiophene (reaction 8) 20.  

H2S + 
cis/ 

To complete the picture of the scope of the method, it seemi Crzi-abk 
to mention the preparation of inercaptans zsd thiophenols frop- 
hydroxy compounds 30. A different type of reaction is the conversion of 
n-butyl alcohol into thiophene by reaction with SO,. The catalyst 
(Al,O, + 10% Cr,O,) promotes dehydrogenation in addition to 
dehydration 31. 

2. Acid catalysis 
The conversion of both acyclic and cyclic ethers into sulfides has 

been affectcd in some cases by acid catalysts. The procedure is a 
special application of a general method for the preparation af sulfur 
from oxygen-containing compounds, starting with ethers 33, al- 
c o h o l ~ ~ ~ - . ~ ~ ,  or carboxylic acid esters (reactions 9 and 10)40~41 and 

Na[ BH,] * BF3 + PhSCHzCHZCH2CHCHs (9) 
I 

OH 
JOL3 + PhSH 
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Ph C O O H  Ph C O O H  
~ 0 4  \=,’ 

/ \  
+ HSCHZCOOH - > (19) 

SCH,COOH 

\C/ 

Ph / \ O H  Ph 

leading to sulfides, mercaptans, sulfimes, and isothiuronium salts, re- 
spectively. Both Bronsted and Lewis acids may be used.. The acids 
most commonly used are H2S04 39, HC104 38, hydrogen halides 42, 

HCOOH40, and the Na[BH,]BF, complex32. Depending on the 
oxygen-containing starting material and the catalyst, lower or higher 
temperatures are used. Especially mild conditions may be used with 
compounds in which the C-0 bond is easily cleaved, such as 
i-butoxy or benzyloxy compounds. Even n-alkyl ethers may be used 
for the reaction if HI is used as catalyst (reaction 11) 42. 

(t(cH&cooEt I .  SC(NH),, HI catalyst 

2. OH- OEt OEt 

3. Conversion of epoxides 
Conversion of epoxides into episulfides is a special case of the conver- 

sion of ethers into sclifidcc. Thcr reactior. course is determined 5y the 
reagent used and by the reaction conditions. The thiocyanate anion 
and thiourea are suitable reagents for episulfide formation. 

I n  acidic media these reagents open the epoxide ring and form a 
2-hydroxyalkyl ihiocyanate or a 2-hydroxyalkyl isothiuronium salt 
(reaction 12) 43. Reactions of epoxides with other sdfur-containing 

SCN 
I 

nucleophiles, such as hydrogen sulfide 44, mercaptans 45J thioacetic 
give products of similar nature 

(reaction 13). 2-Substituted alcohols are usually the final products in 
and the sulfite 
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CHa 

1 > NazS03 
CH,S03Na 
1 

(13) 

CH2SCH3 
I NaSCH, 

t-BuCHZC-OH t t-BuCH2-C - > t-BUCHa-C-OH 

LH3 LH3 LH3 

the absence of another reactive center; the halogen atom in the epi- 
chlorohydrin molecule leads to further reaction as shown by reaction 
(14) 47. 

On the other hand, in basic media, epoxides react with the thio- 
cyanate anion or thiourea with the formation of episulfides (reaction 
15) A weakly alkaline medium is preferable since episulfides 

KCNS HCNS 
CHSCH-CHZ t-- CH3CH-CHZ > CH3CHCH2SCN (15) 

I ‘6’ H200H3P04 OH 
w 

polymerize in strongly basic media. Under these conditions episulfides 
are also formed from products of the acid-catalyzed reaction, so that 
the 2-hydroxy compounds in equation (12) are reaction inter- 
mediates 43. The cyclization of these compounds to episulfides is 
related. to cyclization of various 2-substituted mercaptans such as 
halo 51, t o ~ y l o x y ~ ~ ,  a ~ y l o x y ~ ~ ,  and thiocyano 53 (not hydroxy) deriva- 
tives, which also yieicis episulfides. A counterpart of cyclic inter- 
mediates (see section IV) proved in the formation of episulfides from 
2-hydio~y compounds mentioned above, is 0,s-ethylene thiocar- 
bonate. This compound also yields ethylene episulfide in slightly 
alkaline media54. I t  has proved to be an excellent inercaptoethylating 
agent, particularly for primary and secondary amines (reaction 16). 

Similarly, ethylene episulfidc and propylene- 1,3-sulfide are forrncd 
from ethylene carbonate and propylene-l,3-~arbonate, respectively, by 
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the action of the thiocyanate ion (reaction 17) 55 .  The reaction of 

carbon disulfide and KOH with epoxides in methanol leads initially to 
trithiocarbonates via unisolated intermediates (reaction 18) 49. /3- 

Propiolactone is another compound which resembles an epoxide in its 
reactivity, due to the presence of a small ring. Its reactions with 
sulfur-containing nucleophiles have been used to prepare a series of 
p-carboxyethyl derivatives of sulfur-containing compounds ; e.g. 
p-arylmercapto acids are formed by the reaction of mercaptans with 
p-propiolactone under basic catalysis (reaction 19) 56. 

Ph SC H2CH2COONa 

4. Conversion of 0-alkyltropolones 
Tropolone, its 0-alkyl and 0-tosyl derivatives, and 2-halotropones 

undergo a substitution rezction with sulfur-containing nucleophiles 
such as hydrogen sulfide, thiols, and thio S-acids. 2-Alkylmercapto- 
tropones and di-2-tropyl sulfide can be prepared in this manner 
{reaction 20) 5 7 *  58.  Substituted tropolone derivatives other than 5- 
monosubstituted tropolene usually give two isomeric products in 
which the alkylmercapto and carbonyl groups are in differcnt positions ; 
for instance, this behavior is shown by colchicine and its methyl ether 



12. Interconversion of C-0-C, C-S-C, and C-Se-C Groups 535 

(X=OCH3, OH, C1, 010s-p) 

(reaction 2 1). The reaction can be performed in both acidic and alka- 
line media; in the latter case, especially in the presence of an excess of 

X 
X=OCHs OH 

0 

mercaptide ions and in highly basic media, it may be accompanied by 
rearrangement of the carbon skeleton and formation of benzoic acid 
derivatives 58. 59. 

An analogous nucleophilic substitution of an alkoxy group on the 
benzene ring can be effected in cases where the alkosy group is acti- 
vated by nitro groups (reaction 22) 60. 

5c2hj 
I 

OCH3 
I 

(22) 

A 0 2  NO, 
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5. Conversion of pyrones, pyryliurn cations, alkoxymethylene 
ketones, and related compounds 

y-Pyrone is converted into y-thiopyrone by reaction with NaSH 
(reaction 23) 61. The reaction has not been widely used and it fails in 

some cases: it is impossible, for example, to prepare 3-hydroxy-y- 
thiopyrone from 3-hydrosy-y-pyrone and y-selenapyrone from y- 
pyroneel. 

A similar conversion occurs with alkoxymethylene ketones and 
esters 62 or amides of alkoxymethylene carboxylic acids which are 
structurally related to py-rone (reaction 24) 63. Similar behavior is ex- 

PhSH 

NaHSO, 
C,H,OCHzCHCOOC,H5 - > PhSCH=CHCOOC2H5 (24) 

hibited by hydroxymethylene ketones or the corresponding a-formyl 
ketones which are their tautomers (reaction 25) 63*64. In several cases 

CHOW SHSCHZPh 

(R' = H, COCH3 
R3 = CZH5, H) 

the reaction is carricd out using either acid catalysts or, with the 
higher-boiling thiophenol, elevated temperature. 

The pyrylium cation itself also undergoes an exchange reaction with 
the sulfide anion in alkaline media and gives the thiapyryliuni ion 
(rcaction 26) 65. The reaction of 4-alkoxypyrylium ions with nier- 
cs:ptans proceeds differently, the alkoxy group being exchanged for an 
alkylmercapto group and the pyrylium ring remaining intact (re- 
action 27) 6G. 
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6. The use of Pas, 
In exceptional cases thioethers can be prepared from ethers using 

P,S,. The reaction was effected with a bisditertiary ether (reaction 
28)67. However, the main field of application of the method is the 

oxygen-sulfur conversion in carbonyl compounds amides 69, and 
y-dicarbonyl compounds 70--73. The reaction produces thioketones 66, 

thioamides 69, thiophenes 70. 'l- 73, and thiazoles 72 ; the example given 
(reaction 29) is taken from the chemistry of imino esters7'. 

7. Conversion of acetals and glycosides 
-4cetals 75.76, k e t a l ~ ~ ~ ,  and glycosides 78 can be converted into 

mercaptals, mercqtols, and thioglycosides by the action of mercaptans, 
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usually with acid catalysts (reactions 30 and 31). These products can 

CH,CHCH(OC,H& - CH,CHCH(SC,H5j2 (30) 
CaHGSH 

HCI 
!it-! !!H JH 1H 

(JOPh 6>- SPh 

also usually be obtained directly from carbonyl compounds and mer- 
ca.ptans 79--83, again with acid catalysts. The common catalysts are 
HC175-78* a1 * 82, HC1 + ZnCl, 83, j-toluenesulfonic acide0, or BF3 79. 

In some cases the use of carbonyl compounds as starting materials can 
lead to products of different nature; e.g. the reaction of mercaptans 
w2ch ketones yidds vinyl sulfides (reactions 32 and 33) 83* '*. The 

PhCOCH2CH3 PhC=CHCH3 (32) 
HSPh 

HCI 
iPh 

reaction with hydroxycarbonyl compounds (including sugars) and 
their derivatives yields mercaptals or mercaptols rather than thio- 
glycosides (reaction 34) 85 .  For the sake of completeness the formation 

of s-trithianes from carbonyl ompounds nd hydrogen sulfide under 
acid catalysis shoiild also be mentioned (reaction 35) 8 6 - 8 7 .  
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In a similz:. way carbonyl compounds and amines (primary and 
secondary) react with hydrogen sulfide and mercaptans to form 
a-aminosulfides; this reaction (36) is analogous to the Mannich re- 
a c t i ~ n ~ ~ - ~ ~ .  

0" + CHzO i- "m -+ ~ - ' H z ' ~  

(36) 

Similar reaction schkmes are used €or the preparation of selenium- 
containing compounds. The reaction of H,Se (catalyzed by HC1) 
with aldehydes g1 92 and ketones 92 yields selenoaldehydes and 
selenoketones, respectively, and, with selenols 93, selenoacetals, and 
selenoketals. In a speciaI case BrMgSeH was used9* for the prepara- 
tion of a selenoaldehyde. The condensation of chloral with H2Seg5 

(reaction 37) and the conversion of acridone into selenoacridone 
should be mentioned herege. 

8. Reactions analogous to alkylation by Mannich bases 
p-Acetoxynitropropane 97 and some o-kiydroxymethylphenols 96 * 99 

yeact w i t h  sulfur nucleophiles, especially mercaptans, to give the 
corresponding sulfides (reaction 38). The substitution of a particular 

oxygen-containing group proceeds under conditions which are 
similar to those characteristic for alkylation reactions by Mannich 
bases. 

5. Conversion of Organic Sulfides, Mercaptals (Mercaptols), and 
Analogous Selenium Compounds 

1. Acid catalysis 
Certain sulfides arc cleaved Iiydrolytically in acidic media, usually 

with formation of the corresponding hydroxy derivative or of the 
tautomeric carbonyl compound. This reaction has been effected with 



540 V. H x i k  and J. Gosselck 

an alkylmercapto group in the 2-position of the pyrimidine ring 
(reaction 39) 1oo-102. Alkylinercaptodienes are hydrolyzed to a,B- 

I I 
SCHZCOOH OH 

unsaturated ketones by the action of HC1 in methanol; the mercaptan 
formed may react with one of the other reactive sites in the molecule 
(reaction 40) Io3. Some sulfones and sulfoxides are cleaved hydrolytic- 

ally; this may be regarded as a two-step cleavage of sulfides (see next 
section). Conversion of a mercapto into a hydroxy group can be 
effected via the sulfide as intcrrnediate; acid catalysis is used for the 

N H2 

(41) 

OH 

6i CICH,COOH+ 

SH SCHZCOOH 

C-S bond fission (reaction 41) lo4. There are no recorded instances of 
an organic sulfide being converted into an ether in this manner. 

2. Oxidation products as intermediates 
I n  some cases the oxidation of sulfides to sulfoxides or sulfones is 

used to facilitate the fission of a C-S bond during acid-catalyzed 
hydrolysis (reaction 42) lo5* lo6. This approach has been particularly 
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successful with mercaptals and mercaptols Io7 and has often been used 
in sugar chemistry (reaction 43jlo8. The reaction can be effectea 

HY CH,OH (43) 

either in two steps, oxidation and hydrolysis separately, or in one step. 
The recommended reagent fm the latter procedure is bromine; its 
acfion in methanol leads to methyl glycosides. The sulfur-containing 
components are split off as a disulphide. In one instance the same 
method gives benzylglyoxal log. In wmc cases the oxidation of 
sulfides, most often by hydrogen peroxide or bromine, is accompanied 
by a spontaneous rupture of the G - S  bondllO*lll. Such a reaction has 
been carried out with triphenylmethylalkyl sulfides, t-butylalkyl 
sulfides ll?-, and 2-alkylmercaptopyrimidine ; it yielded the correspond- 
ing hydroxy compounds. All these again are exceptionally reactive 
structures. 

A single case of conversion of a sulfide into an ether through the 
corresponding sulfone in alkaline ethanolic media is known from 
xanthine chemistry (reaction 44) 41. 

The conversion of an aromatic sulfide into an analogous selenide 
using the corresponding sulfone as an intermediate and elemental 
selenium as a reactant is shown in reaction (45) 'I3. 

Se 

300" 
PhzSCz -> Ph&e + SO, (45) 
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3. The use of the complexes of heavy metal salts or oxides 
Salts and oxides of heavy metals, most often HgI', AS', and Pb", are 

selective reagents for the conversion of sulfur compounds. Mercuric 
chloride and acetate are the reagents most commonly used. Conversion 
of sulfides into ethers by this method is successful with conipounds con- 
taining a fragment which is strongly stabilized by inductive or re- 
sonance efTects, e.g. trityl sulfide (reaction 46) 36. Most applications of 

the method have been for the conversion of mercaptals and mercaptols 
into aceials aild ketals lln- 115, glycosides 116, hemiacetals 117, or car- 
bony1 compounds l 1 8 .  119, according to the reaction conditions used. 
The reaction has often been used in sugar chemistry. The conversion of 
a mercaptal of an acetylated sugar into an acetal is effected by the 
action of mercuric chloride in methanol in the presence of HgO 115 or 
CdC03114; the latter bind the liberated hydrochloric acid. A methyl 
glycoside was formed from a sugar merczptal by the action of HgCl, 
in methanol (reaction 47) I16. In the molecule of a fully 0-substituted 

CH,COObH 
_3 I 

H L OCOCH, =HHpJCd; H COCOC H, 

HCOCOCH, I HCOCOCH, 

tH20COCH3 

(47) 

sugar mercaptol the carbonyl group was set free by the action of 
HgCl, in the presence of HgO in a methanol-pyridine mi.xture118*119. 
Mercuric chloride eliminated an alkylmercapto group from a thio- 
glycoside with formation of a hemiacetal func tion117. According to the 
conditions used, thio S-esters react with HgC1, to give either a product 
of reesterificationlZ0 or of hydrolysis121. This method has also found 
wide application in the conversion of thione compounds into carbonyl 
compounds, e.g. in thioamides 122-124, trithiocarbonates 125, or tri- 
thiones126. I n  thcse cases HgC1, is occasionally replaced by lead or 
silver nitrates 

An analogous application of heavy metal salts for the conversion of 
or lead oxide 123* 12*. 



12. Interconversion of C-0-C ,  C-S-C, and C-Se-C Groups 543 

selenium compounds of similar structures are based on their HgClz 
complex formation ability 127, 

IV. DISCUSSION OF SYNTHETIC METHODS 

The synthetic methods presented in thc preceding section can be 
discussed from several viewpoints. The fundamental factors which can 
affect the mutual conversion of ethers, organic sulfides, and selenides 
are the polarization of the bond to be broken, the ability of a particular 
carbon atom to change its hybridization, stereoelectronic effects, the 
special reaction nicchanisms which may in some cases facilitate the 
conversion considerably, and also external factors which may in- 
fluence the reaction. In  addition to factors relevant to the molecule in 
which the bond is being broken, we also have to take into account the 
reactivity of the atom or group wlich forms the new bond. 

The main criterion in the conversioil of ethers into organic sulfides 
and selenides is usually the case: of cleavage of the (2-0 bond; the 
reactivity of the sulfur- or selenium-containing Lomponent (i.e. its 
nuckophilicity ir, most cases) is high enough not to be the limiting 
factor. 

The polarity of the C-0 bond in ethers hardly ever approaches the 
degree whkh it has, for example, in esters of strong mineral or organic 
acids (sulfates, nitrates, and p-toluenesulfonates) and which makes 
the latter important akylating. agents. Therefore, it is usually necessary 
to use other means of facilitating the G O  bond fission. 

In some cases a purely thermal noncatalyzed reaction occurs. The 
small number of known cases of conversion of ethers into sulfides under 
these conditions makes it desirable to xfer to information from better 
known areas, such as the thermal rearrangement of esters of thio 
0-acids to esters of thio S-acids. An example is the rearrangement of 
esters of xanthogenic acids; for the present pm-pose, we refer to this 
reaction route and not to the other possible one, i.e. the Tchugaev 
reaction, which yields olefins by a cyclic elimination mechanism 128. 
The current explanation of the rearrangement of esters of thio 0-acids 
involves a G O  bond fission leading to a formation of an ion pair 
which recombines under C-S bond formation (reaction 48)18. A 
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similar course is possible for the reaction of benzyl 2-quinolyl ether 
with thiophenol13. Mechanisms of this kind are favored by the stability 
of the carbonium ion. The thermal rearrangement of diphenyl car- 
bonate appears rather remarkable, and since it is difficult to assume 
formation of a C,H, + ion I", this reaction probably follows a different 
pathway. 

I t  is more usual to carry out the conversion of ethers into sulfides 
under conditions of thermolysis on the active surface of a catalyst such 
as Al2O8. Chemisorption may effectively change the electronic struc- 
ture of the reacting species; it even permits conversion of furan into 
thiophene39, involving fission of a C-0 bond which forms part of a 
delocalized x-electron system. A similar far-rcaching change in the 
x-electron system has to be assumed in the conversion of phenol into 
thiophenol 30. 

Besides chemisorption, acid catalysis may be used to increase the 
C-0 bond polarization. The formation of dialkylhydroxonium ca- 
tions is facilitated by the relatively high basicity of ethers as compared 
with sulfides and selenides. For example the pK, values of tetrahydro- 
furan and tetrahydrothiophene differ by 3.05 H, units129. The large 
difference in basicity makes it possible to find reaction conditions 
where the starting material is protonated but the reaction product is 
not. This practically removes the reversibility of the reaction, which 
has to be taken into account, in other reactions where the difference in 
the basicity of the starting and resulting molecules is negligible, e.g. 
in acid-catalyzed transesterification. Such conditions prevail if the 
catalyst is an acid with an anion of low nucleophilicity. I n  the case of 
hydrogen halides formation of at least some alkyl halide as an inter- 
mediate is not completely ruled out. The same effect on the polariza- 
tion of the C-0 bond which is obtained by catalysis with Bronsted 
acids is obtained by the use of Lewis acids, most often BF3. 
(2-0 bond fission in the conversion of ethers into sulfides and sele- 

nides is facilitated by stereoelectronic factors in the ether. The most 
important of these factors is the stability of species such as benzyl- or 
allylcarbonium ions. This is important in the first place for uncatalyzed 
thermal methods, as well as for acid-catalyzed reactions including the 
reaction with P2S,. The fission of the C-0 bond in phenol ethers re- 
quired for oxygen-sulphur conversion is relatively difficult. I n  this case 
also the reaction is facilitated by suitable substitution in the benzene 
ring, which favors aromatic nucleophilic substitution in general 
(e.g. by nitro groups in the ortho or f l a x  position). 

I n  0-alkyltropolones the situation is much more favorable for the 
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splitting of the C-0 bond. The reaction is acid catalyzed, making 
use of the comparatively high basicity of the compound, and the pro- 
tonated form is stabilized by the electronically favorable substituted 
tropylium ion structure; this cation is a good reaction partner for the 
nucleophilic agent. On the other hand, base-catalyzed reactions often 
lead to undesirable rearrangements of the tropolone skeleton and give 
rise to derivatives of benzoic acid 130. 

Another interesting area in which the conversion of oxygen com- 
pounds into sulfur-containing cnes was used successfully was the 
chemistry of heierocycles of the pyrone and pyrylium cation types. The 
conversion of y-pyrone into y-thiopyrone and of the pyrylium cation 
into the thiopyrylium cation aroused additional interest by involving 
systems isoelectronic with tropone and the tropylium ion , respectively. 
Even though these molecules have pseudoaromatic character and a 
fairly delocalized m-electron system , they are susceptible to nucleo- 
philic attack by sulfjrdryl or hydroxyl ions, and by amines. The nucleo- 
philic attack occurs at the 2- and 6-positionsJ in good agreement with 
quantum-mechanical models of pyrone and the pyrylium ion as given 
by the simple Hiickel molecular-orbital method 131* 132. The 4-positionJ 
which is electronically preferred but is not involved in reactions of a 
simple pyrylium cation, becomes the reaction center in the 4-methoxy- 
pyrylium cation. Reactions discussed in connection with pyrones are 
related tr, reactions involved in the conversion of alkoxymethylene 
ketones, ethers, amides, acids, hydroxymethylene ketones, and the 
tautomeric formyl ketones into the corresponding alkylmercapto- 
rr-ethylene derivatives; these systems a1 e vinylogous to esters or thio- 
esters of carboxylic acids. 

Epoxides present a favorable structure for conversion into sulfur 
compounds. Like /3-propiolactone, they are highly reactive because of 
an I strain in a small ring. Whereas the formation of P-hydroxyethyl 
sulfides appears to follow a simple reaction course, the formation of an 
episdide represents a rather complex system of consecutive reactions. 
The primary products of the reaction of epoxides with thiocyanate ions 
or with thiourea are stable in acidic media and episulfides are formed 
in alkaline media only. The nucleophilic attack at  the other carbon 
ccnter is preceded by migration, which has been proved to involve a 
cyclic intermediate (reaction 49)43. The formation of this cyclic inter- 
mediate needs special steric requirements, as shown by the difierence 
in the behavior of cyclopentene oxide and cjclohexene oxide towards 
thiourea. Whereas the latter reacts in the usual manner to give the 
episulfide, the former gives an entirely different reaction product, 

18 +c.E.L. 
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I 
"C(NH2) 

I 
$/O 

namely N- (2-hydroxycyclopenty1) thiourea, proving that the reaction 
mechanism is different ''3. The primary nucleophilic attack is usually 
stereospecific and occurs with inversion at  the reaction center. Because 
of the rigidity of the five-membered ring in the case of cyclopentene 
oxide, the resulting structure is incapable of reaching the conformation 
required for the cyclic intermediate. The formation of the episulfide 
from the epoxide involvcs inversion of configuration at both reaction 
centers. 

The conversion of ethers is facilitated by special reaction mechan- 
isms. The elimination-addition mechanism, which is assumed to 
operate mainljj in alkylations by Mannich bases, should be men- 
tioned since it seems to prcsent a useful general viewpoint133. Mannich 
base:; are well-known C-, N-, 0-, and S-alkylating agents134. In  view of 
the prevailing opinions on the mechanism of these alkylations, the 
existence of a close analogy between the behavior of Mannich bases 
and that of their oxygen-containing analogs, the /3-alkoxyethyl ketones, 
appears quite probable. Aldcls are unsuitable for the study of this 
analogy because of the acidity of the hydroxyl group which results in 
retroaldol reaction in alkaiine media. On the other hand, phenoxy- 
methanols behave as phenolic Mannich The case of 2- 
acetoxy- 1-nitropropane also supports the view that there is such a close 
analogyg7. Other evidence which supports this analogy is the similarity 
of the Mannich reaction to the reaction used to synthetize (3-ketosul- 
fides. Unlike the Mannich reaction, the latter often depends for its 
success on accidental experimental circumstances, such as solubility 
relations and the ability of the product to crystallizc, e.g. the condensa- 
tior, of acetonedicarboxylic acid diester with aldehyde and hydrogen 
sulfide in the presence of piperidine was successful only when the re- 
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action product separated and thus shifted the complicated system of 
equilibria in the desired 

The conversion of sulfur or selenium compounds into oxygen com- 
pounds usually requires entirely different reaction conditions. This is 
due to several circumstances. The basicity of sulfur-containing com- 
pounds is substantially lower than that of the oxygen analogs. There- 
fore, successful catalysis by acids a piioii places more rigorous require- 
ments on reaction conditions. Another handicap is lower nucleophilicity 
of the oxygen-containing reaction partners in comparison with sulfur- 
containing ones. O n  the other hand, some other properties by which 
sulfur and selenium differ from oxygen, especially complex formation 
with heavy metal ions, can be used to attain a high enough C-S bond 
pclarity for fission to become possible. 

Effective polarization of the C-S bond can be effected by conversion 
of SIX into a higher oxidation state. While sulfones are usually stable 
compounds and have been used as  intermediates for the conversion of 
sulfidcs into ethers only in special cases, the fission of the C-S bond in 
sulfoxides is in general relatively easy. I n  a similar way the C-S bond 
c1eavq;e is facilitated by the formation of a S-bromosulfonium cation in 
the degradation of 1-butyl sulfides and triphenylmethyl sulfides by 
bromine l12. A similar effect is achievcd by transforming the sulfide 
into a sulfonium salt; this m-eehod proved valuable for the splitting of 
the C-S bond in sulfur-containing analogs of Manrlich bases. Since in 
basic media practically irreversible elimination occurs and leads to the 
forriiation of an u,P-unsaturated ketone, the successful use of this 
method for the sulfur-oxygen convcrsion is mainly a problem of finding 
the suitable reaction conditions and the proper oxygen-containing 
nucleophile 136. 

The most effective and at  the same tinie very selective method for 
the splitting of the C-S bond is based on the formation of complexes 
between organic compounds containing bivalent sulfur and heavy 
metal ions, especially Hg2 + . HgCI, complexes of S’I-cor-taining ccm- 
pounds are usually insoluble cornpounds which may be isolated ; 
under more severe conditions, particularly at  elevated temperatures, 
they decompose in two possible manners. Complexes of sulfides con- 
taining n-alkyl or s-alkyl groups revert to the starting components 
(e.g. on steam distillation). I n  complexes of sulfides with a tertiary 
akyl group the C-S bond breaks in mercaptals and mercaptols and 
the resulting products are a halomercuric mercaptide (KSHgC1) and 
tile corresponding oxygen-containing derivative whose exact nature 
depends on the properties of the osygen-containing nucleophile present 



548 V. Horik and J. Gosselck 

in the reaction medhm. This reaction course is irreversible as the 
rnercaptan remains strcngly hondcd in the imsoluble RSHgCl salt and 
the oxygen-containing products do not react with HgCI, to form com- 
plexes which might facilitpte fission of the newly formed G O  bond. 
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1. BNTRODUCTION 
I n  this chapter the principal differences between the chemical behavior 
of ethers and thioethers are outlined. Most attention has been paid to 
the synthetic aspects. Recause of the scope of the review the chemistry 
of thiophen and other cyclic sull'ur compounds has not been considered. 
More extcnsivz treatises on the chemistry of sulfi-ir compounds are 
given in Organic Cfiemi:try of Bivaient Siclfur, by E. E. Rcid, in Houben- 
Weil, Methoden der organiscfien Chemic : Scfiwefel-, Selen- und Tellur- 
uarbindzingen and in Orgcnic Cfieniislr- cf Suljiur Compounh, edited by 
N. Kharash. 

ID. REACTIONS INVOLVING CARBANIONS DERIVED 
FROM THIQETWERS 

The presence of alkyl- or arylthio groups has a marked influence on 
the acidity of a-hydrogen atoms. These hydrogen atoins are rnuch more 
easily split off as protons by bases than those in the a position relative 
to alkoxy or aryloxy groups. In some cases the abstraction of a proton 
ma)r lead to a stable carbanion, but in many reactions an anionic 
group is eliminated froin either a /3 carbon with formation of a double 
or triple bond, or Som the sanie carbon leading to a carbene or from a 
y-carbon atom with formation of a cyclopropane derivative. Proto- 
tropic isomerizations and condensatioii reactions also take placc more 
easily with compounds in which hydrogen atoms are activated by thio- 
ether groups rather than by oxygen ether groups. 

Many investigators consider the activating influence of thioether 
groups on a-hydrogens as evidence for the participation of the d 
orbitals of sulfur in anion stabilization; this means that the sulfur atom 
accommodates a decet of electrons1. For an oxygen atom such an 
expansion of the number of electrons in the valence shell is highly un- 
favorable. Indeed an explanation for the different behavior of sulfur 



13. Thioethers; Differences and Analogies with Ethers 355 

compounds and their oxygen analogs towards basic rcagents on the 
grounds of this theory seems to be the most satisfying, but in a number 
of other reactions a diflerent kind of 'activation' may be considered 
(compare with section 1I.B). In this section we shall review the con- 
versions of thioethers which can be regarded as being caused by 
' activation' of hydrogen atoms by sulfur-containing groups. 

A. Formation of and Conversions with Stable Carbanions 
The formation of stable carbafiions by abstraction of protons with the 

aid of bases is a well-known reaction. From the many examples we 
mention the formation of the diphenylmethide ion ((C,H,),&) from 
diphenylniethane ( (C6H,) ,CH 2) and potassium amide in liquid 
ammonia2, the formation of the anions CH,COCH, and CH2C00-t- 
C4H, from acetone and t-butyl acetate, respectively, and alkali amides 
in liquid a m m ~ n i a ~ * ~  (compare with reference 4). The hydrogen in 
malonic esters, e.g. CH,(COOC,H,),, is readily split off by sodium 
ethoxide in alcohol with formation of thc anion CH(COOC,H,),. In 
all these compounds groups are present which can, by their elecrron- 
accepting properties, facilitate the abstraction OF hydrogen and 
stabilize the carbanions formed by resonance. 

There are nc clear indications that the sulfur atom in ordinary 
dialkyl thioethers, e.g. (C2H5) ,S, has an influence on the reactivity of 
the a-hydrogen atoms towards strong bases, such as butyllithiux or 
potassium amide. With aryl alkyl thioetliers, e.g. C6H,SCH2CH3, and 
butyllithium in ether both nuclear metalation and substitution of an 
a-hydrogen of the alkyl group by iithium can take place6. Phenyl 
methyl thioether, C6?&SCH3, is metalated only in thc methyl group by 
butyllithium, while anisole (C6&OCH3) gives a nuclear metalation 
product'. The solution of the metalatcd thioether can be converted 
with carbon dioxide (reaction 1). Other metalating reagents, e.g. 
(C2H,)2Sr6, are less specific in their reaction with phenyl methyl 
thioether. 

C,H,SCH, + C4H9Li --> C,H,SCH,Li -> CeH5SCH2COOLi ( 1 )  

Recently i t  has been found, that when two or three alkylthio groups 
are present a t  the samecarbon atom, like in thioacetals (CH2(SR),) and 
esters of thioorthoformic acids (HC(SR), where R is alkyl or phenyl), 
hydrogen atoms attached to the same carbon are easily abstracted as 

protons. Thus solutions of the carbanions CH(SR), and C(SR), are 

COa 

- 
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obtained when the compounds are added to equivalent quantities of 
alkali amides in liquid ammonia 9-11. The analogous oxygen corn- 
pounds remain unchanged under these conditions. 

The solutions of the carbanions, which have a greenish or brown 
colour, show a much higher electric conductivity than the alkali amide 
suspensions or solutions. Alkylation with primary and secondary alkyl 
halides is possible (reactions 2 and 3). 

RZBr 
CH(SR1), + NH2- - -C(SR1)3 ---+ R2C(SR1), (3) 

The strong nucleophilicity of the carbanions is demonstrated by 
their smooth reaction with bromoacetal (BrCH,CH(OC,H,) ,) 12. 13, a 
compound which is known to be much less reactive towards nucleo- 
philes than alkyl halides (compare with reference 14). 

The relative stability of the solutions of the carbanions may be 
attributed to resonance in which the sulfiir atom attains a decet of 
electrons (reaction 4). 

(4) 

\ik .. 
The easy formation of the carbanions is probably also due to electron 

acceptance by the sulfur atom: in the transition state the energy of 
activation of the hydrogen abstraction is lowered, because the sulfur 
atom assists in the uptake of the lone pair of electrons. The result can- 
not be due to the inductive ( - I )  effect, because then the highest 
acidity of the hydrogen atoms would be expected in the oxygen acetals 
(CH,(OR),) and orthoformic esters (HC(OR),). 

Formaldehyde diethylselenoacetal (CH,(SeR),) can also be 
metalated and subsequently alkylated 15. The metalation, however, 
only proceeds with potassium amide and even then rather slowly. This 
lower reactivity may be caused by the very low solubility of the 
selenoacetal in liquid ammonia. 

Another type of stable carbanion is formed from 1-alkynyl thio- 
ethers (R1CH2C-CSR2) and allenyl thioethers (R1CH=C=CHSR2) 
with sodamide or lithium amide in liquid ammonia16-lQ. Probably in 
these cases also resonance stabilization plays an important role. Both 
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types of compounds produce the same (mesomeric) anions. Hydrolysis 
of the solutions gives almost pure allenyl thioethers. The carbanions 
are extremely reactive towards alkyl halides and bromoacetal. Even 
with n-decyl bromide, which does not react with sodium alkynylides 
(RC-CNa) in liquid ammonia because of its slight solubility, a 
smooth conversion takes place. The alkylation leads to allenyl thio- 
ethers which have thc ally1 group introduced on the a-carbon atom. 

The carbanions which haw lithium as a cation react with ketones to 
give the carbinols. 

Scheme 1 can be used to illustrate the conversions mentioned. 

NH,- 
R'CH~CECSR" - > R ~ C H C ~ C S R "  S R" 

SCHEME 1. 

Very probably the acidity of the a-hydrogen atom in the allenyl 
thioethers (R1CH=C=CHSR2) is greater than that of the y-hydrogen 
atoms in the isomeric 1 -alkynyl thioethers (R1CH,C=CSX2) because 
the allenyl thioether is more readily converted into the carbanion with 
lithium amide LiNH, than the I-alkynyl thioether. 

A useful application of the allenyl thioethers is in the synthesis of 
enynes (HC=CCH=CH-) outlined in Scheme 2 l7*I8. The starting 
product 1-ethylthio-I-butyne (CH,CH,C=CSC,H,) can easily be 
prepared from sodium acetyiide (NaCECH) , ethyl bromide and 
s u l f ~ r ~ ~ . ~ ~  in liquid ammonia, in an overall yield of greater than 
50%. 

The elimination of ethanethiol from the allenyl thioether derivatives 
possibly proceeds through the cumulenes CH,=C=C=CHR or 
CH2=C=C=CHCR1R30H, the anions of which isomeri;:e to the 
metalated enyne derivatives. 
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Na C2H68r NaNH, S 
H C r C H  - > H C r C N a  - > HC=CC,H, j I\laCrCC2H5 - > 

C3K,Br 
NaSCrCC2H, - > C,H,SC_CC2H, 

R 
Liq. NH3 / 

\ 
C2H5C=CSC,H5 + NaNH, + RBr ---+ CH,CH=C=C 

SCn_HG 
(R = alkyl) 80-90y0 yield 

Liq. NH3 HzO 
CH,CH=C= lR + 2 K N H 2 -  > KC=CCH=CHR(+ KSCZH,) - > 

SCoHs 
\ 

HCrCCH=CHR 
85% yield 

R' OH 
I/ 

CH3CH=C-CHSC2H, I .  LiNHl CH,CH=C= L C \ R 2  
2.  R'R'C=O 
3. H Z 0  'SC2H5 

R' OH 

C 
I /  

z 75% yield 

R' 
I H20 

CH,CH=C=C' 'Rz + 3 KNH2 - > KCZZCCH=CHC-OK(+ KSCZH,) + 
I 

'SC2H, R" 

R' 

HCECCH=CH-LOH 

I 
R= 

k 75% yield 

The reactions of the ethers R1CH2C=-COR2 and RICh'=C= 
CHOR2 with alkali amides in liquid ammonia are quite different from 
those of the sulfur analogs. 

Propynyl ethers (CK3C-CGR") and also the isomers CE2=C= 
CHOR are completely converted into propargyl ethers (reaction 5) 21. 

- - 
CH,C=COR + NHZ- + [CHZCfCOR 4-- CHZ=C=COP.] -+ 

- - - Ha0 
C=_CCH,OR + HC_CCH2OR [CH=C=CH@R +- HCECCHOR] 

(5) 
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In  contrast to the allenyl thioethers thc allenyl ethers do not form 
anions of the type R1CH=C=COR2, since the electrical conductivity 
of suspensions of alkali amides in liquid ammonia does not rise after 
addition of (CH,) ,CCH=C=CHOR. Furthermore ?his compound 
cannot be alkylated2,. 1-Alkynyl ethers with at least two hydrogen 
atoms in the y position and at least one in the 6 position, e.g. 
C,H,CH,CH,C=COC,H,, and allenyl ethers possessing at  least one 
&hydrogen atom, e.g. (CH,) ,CHCH=C=CHOC,H,, give 3,l- 
enynes on treatment with two equivalents of potassium amide, prob- 
ably through the sequence of reactions shown by Scheme 3, involving a 
1,4.-elimination 23* 24. 

- 

Tautomerization 
C2H6CH2CH=C=COC2H5 - 

CZH5-CH-CH-C-CH -Q D- ,O C2H5 __f CCZH5 + CzH5CH=CHCECH L- 
(CHJ2CHCH=C=CHOC2H5 NH2-> (CH3)2c%CH&&CH-&2H5 - 

-OCZH5 + (CH&&=CtiCrCH 

SCHEME 3. 

The first eiiyne is formed in mederate yields, together with ethyl 
caproate (C5H,,COOC2H,), caproic amide (C5H1,CONH,) and 
caproic acid (C,H,,COOH). The by-products probably arise from the 
hydrolysis of a product formed by base-catalyzed addition of ammonia 
to the 1-alkynyl ether. 

The second enyne is obtained in an excellent yield. 

B. Elimination Reactions Attributable to the Activating lnfluence 

Elimination of hydrogen and another group takes place with much 
more ease when the hydrogen atom is in thc a position with respect to 
a sulfur atom than when it is in the a position with respect to an oxygen 
atom. 

2-Hydroxyethyl alkyl thioethers (HOCH,CH,SR), when treated 
-4ith solid potassium hydroxide at 250", are convertcd into vinyl alkyl 
thioethers (CH,=CHSR), whereas the 2-hydroxy ethers are stable 
under these conditions (reaction 6) 25. 

of Bhioether Groups 
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H O ~ H  A P  C-cH2 OH --+ CH2=CHSR + H20 -t -OH (6) 
I 
H 

Ethaneth.io1 is split off from ethylthioacetaldehyde diethylthioacetal, 
when this compound is heated with potassium butoxide26 : as expected, 
the hydrogen atom, which is in the a position to t w o  geminal ethylthio 
groups and which is thus more strongly activated than the methylene 
hydrogen atoms, is eliminated (reaction 7). 

SCZH5 I 
I 
SCaHZ5 

t-C4HsO- ?, H AH5 C--CH,&C&Is + C=CH2 f t-C,HsOH + -SCZH5 (7) 
I 
SC2H6 

Ethoxyacetaldehyde diethylacetal ( (C2H,0) ,CHCH,0C,H5) re- 
mains unchanged, even when it is added to the strongly basic reagent 
potassium amide in liquid ammonia27. 

y elimination can occur when the leaving group is in the y position 
relative to the sulfur atoms, as is the case in reaction (8) 28. 

As mentioned in section ILA, orthothioesters (HC(SR),) form 
relatively stable carbanions with alkali amides in liquid ammonia; 
these carbanions can be alkylated. O n  standing the carbanions split 
off thiolate with formation of tetrakisalkylthio- or arylthioethene. 
Carbenes (:C(SR),) are thought"" to be formed in the CL elimination 
of the thiol. Schcme 4 may explain the phenomena most satisfac- 
torily * l. 

SCHEME 4. 
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1,2-Bis(-alkylthic- or -arylthio-)alkenes (RSCH=CHSR) react with 
sodamide in liquid ammonia or with butyllithium in ether, whereas the 
corresponding ethers are not attacked by these reagents (reactions 9 
and 9a) 29-31. 

KSCH=CHSR + 2 NaNHZ - NaSR + 2 NH3 + NaCrCSR (9) 

KSCH=CHSR + 2 C,H,Li - LiSR + 2 C4HI, + LiCECSR (94 

Treatment of l-ethoxy-2-ethy!thioethylene with butyllithium gives 
rise to the elimination of alcohol rather than thiol (reaction 10) 31. 

C2H50CH=CHSC2H5 + 2 C4H9Li u LiC=CSC2H5 + LiOCzH5 + 2 C,Hlo (10) 

The fact that the latter compound does not react with sodamide in 
liquid ammonia (but only with the stronger base butyllithium), while 
1,2-bis (ethylthio) ethylene is smoothly converted by sodamide, suggests 
that not only a-, but also p-alkylthio groups, have a certain influence 
upon the ‘acidity’ of hydrogen atoms. This type of reaction is analo- 
v gous to the 1,2-elimination cf hydrogen halide from vinyl halides 
(CH,=CHCI) upon treatment with base. 

Possibly such an influence may also be cnnsidered in the case of the 
elimination illustrated by reaction (1 1). Hydrolysis of the reaction 
mixture gives the diyne (HC=CC=-CR) in excellent yields3,. 

RC_CCH=CHSC,H, + 2 NaNHz + NaSCzH5 + NaCfCCGCR + 2 NH, 
Liq. NH3 

( 1  1) 

The enyne ethers (CH,C=CCH=CHOC,H,) are isomerized by 
the same procedure, the isomers being obtained in excellent yields 
(reaction 12) 32. The homologs, e.g. C2H5C=CCH=CHOC2H5, are 

CH,C=_CCH=CHOC,H, + NaNH, + NaC=CCH=CHCHzOC2H, ---+ 

converted into tarry products, and only traces of the elimination pro- 
duct (C2H5C=CC=CH) have been isolated33. 

Vinyl ethyl thioether (CH,=CHSC,H,) reacts with potassium 
amide with formation of thiolate and acetylide (reaction 13) 34. This 

CHZ=CHSCZH:, + 3. KNHz + KCGCH + KSCZH, + NH3 (13) 

elimination is analogous to the elimination of HC1 from vinyl chloride 
(CH,=CHCl). The ether CH2=CHOC2H5 does not react. The sa.me 
elimination takes place with ketcne thioacetal (reaction 14) 35. 

CHz=C(SC2H,)z + 2 KNH2 --3 KCrCSCzHS + KSCZH, (14) 

H a 0  

HCEECCH=CHCHZOCZH, (12) 

Liq. NU3 
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Unfortunately a comparison with the behavior of ketene acetal 
(CH,=C(OC,H,) 2) is impossible, because this compound reacts with 
the sclvent liquid ammonia. 

Interesting differences emerge 011 comparing the behavior of ethers 
of butynediol towards bases with that of the analogous thioethers. 

Enyne thioethers (RSC=CCH=CH,) (compare with reference 46) 
are formed by the action of sodium etlioxide in liquid ammonia on the 
bistllioethers of butynediol. Probably a 1,4.-elimination of hydrogen 
and -SR takes place first, the intermediate cumulenic thioethers then 
undergo a prototropic conversion into the enyne thioethers. The first 
step in this isomerization is the abstraction of the a-hydrogen atom 
(reaction 15a) (compare section 1I.C). 

[ R S C H =C = C=C HJ 
Prototropic 
conversion + RSCrCCH=CH, (15a) 

1,4--Eliminations of alcohol from the bis(osygen) ethers of butynediol 
by means of alkoxide do not take place in liquid ammonia, but require 
high temperatures1*. The fact that the order of the double and triple 
bond in the enyne ethers (HkC-CH=CHOR) formed is the 
reverse of that for the previously mentioned enyne thioerhers may 
indicate that the first step in the prototropic conversion of the inter- 
mediate cumulenic (oxygen) etliers is an abstraction of one of the 6- 
hydrogen atoms rather than of the hydrogen in the a position of the 
alkoxy group (reaction 15b). 

Prototropic 
[ R'OC H=C=C=C H,] tor veriion R'OC H=C HC C H (1 5b) 

(R2 = alkyl)  

The production of RSC=CCH-CH, from the mixed derivatives of 
butynediol (RSCH,C=CCH,OR) and sodium ethoxide in liquid 



13. Thioethers; Differences and Analogies with Ethers 563 

ammonia clearly demonstrates the differciice in activation between the 
hydrogen atoms in the a position of the alkylthio groups and those in 
the a position of the alkoxy groups (reaction 15c). 

RS-CH C=C-CH Q- Tf eR - 
Prorotropic 

[RSCH=C=C=CHz] conversion* RSC=CCH=CH2 ( 1 5 ~ )  

C. Prototropic Conversions of Unsaturated Thioethers 
The reactions in sections 1I.A and 1I.B required a stoichiometrical 

quantity of the base for a complete conversion. The present section 
deals with prototropic conversions of unsaiurated thioethers where the 
function of the base is that of a catalyst. 

When an allyl thioether (CH,=CHCH,SR where R is alkyl, aryl 
or allyl) is treated with a solution of sodium ethoxide iii ethanol or with 
potassium b u t o d e ,  a rather smooth isomerization to the propenyl 
thioether (CH,CH=CXSR) OCCUTS, probably according to reaction 
(16) 36--38. The isomerization of allylic (oxygen) cthers wlth potassium 
t-butoxide requires much higher temperatures 39. 

I-JaOEt EtOH 

EtOH 
CH2=CHCH,SR [CH,=CHCHSR +-+ CH2CH=CIISR] 4 

CH,CH=CHSR (+ NaOEt) (16) 

/3-Chloropropionaidehyde diethylthioacetal is converted with al- 
coholate into a ketene thioacetal, whereas p-chloropropionaldehyde 
acetal gives the normal elimination product (acrolein acetal). It 
can also be presumed that the chlorothioacetal gives first the normal 
product (acrolein thioace tal) but that this is subsequently isom- 
erized to the ketene thioacetal, while the acetal of acrolein 
(CH,=CHCH(OC,H,)J remains unchanged (reaction 17) 401 41. 

Base 
CH2CICH,CH(SCzH& + CH,=CHCH(SC2H& 

Protic 

solvent 
[CH2=CHC(SC,tis)3 c- CH2CH=C(SC2H&] M CHaCH=C(SC2H& (17) 

The isomerization of propargylic thioethers (He-CCH,SR) pro- 
ceeds very easily. Weak bases like sodium ethanethiolate (NaSC,H,) 
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arc already capable of causing a partial conversion into the allenyl 
thioethers (CH,=C=CHSR) even in liquid ammonia at the boiling 
point ( -  33") 16. With a small quantity of sodium ethoxide in liquid 
ammonia the isomerization to the propynyl. thioethers (CH,C=CSR) 
is complete in a few minutes 16. 

The rate of the isomerization in alcohol at  about 40" has been 
measured 43 ; the conversion into the allenic intermediate proceeds 
much faster than the further isomerization to the propynyl thioeLher. 
The prototropic rearrangement can be represented by reaction ( 18). 

-OCaH, - - EtOH 
HC=CCH&R __f [HCGC-CHSR +-> CH=C=CHSR] + 

- 0 E t  - - EtOH 
CH,=C=CHSR + [CH,=C=CSR ++ CH2CrCSRI + CHaCrCSR 

(18) 

The oxygen analogs remain unchanged with sodium ethoxide in 
liquid ammonia. I n  ethanol a rather slow isornerization occurs, which 
only affords the allenyl ethers and no trace of the 1-propynyl ether 
(CH3C=COR) 44* 45. 

Homologs of the propargyl thioethers (RCH,C=CCH,SR) im- 
merize more slowly to the 1 -alkynyl thioethers (RCH,CH2C=CSR) 45. 

In the prototropic conversion of thioethers with a 1,3-diyne system 
this conjugated system as a whole migrates (probably in several steps) 
(reaction 19) 45. 

Base 
HCEC-C~C-CH~SC~H~ A CH~CEZCCECSC~H~ 

Other examples of rearrangements are the conversion of thioacetals 
of acetylenic aldehydes and of enyne thioethers. Both reactions can be 
carried out under mild conditions, namely, in liquid ammonia under 
the catalytic influence of sodium ethoxide (reactions 20 and 21) 46. 

S R2 

(20) 
/ 
\ 

R'C H=C HC H=C==CH S R2 

R'C=CCH(SR2), d R'CH=C=C 

S R" 

R1 CH=C H C_CCH2S R2 (21) 

The corresponding oxygen compounds remain unchanged under 
similar conditions. 

The lower reactivity of the oxygen compounds in the examples 
mentioned in this section may be attributed to lack of sufficient 
activation of the a-hydrogen atoms in the ethers. 



13. Thioethcrs;  Differences and Analogics with Ethers 565 

D. Condensation Reuctions 
The presence of a thioether group can have an appreciable influence 

on the course of condensation reactions of esters. The required forma- 
tion of carbanions is facilitated when a sulfur atom is in the o! position. 

I n  the Dieckmann con~lensat ion~~ of the diester CH300CCH2 
CH2SCH,COOCH3 the carbanion CH300CCH2CH,S~HCOOCH3 
is formed more easily than CH300CCHCH2SCH2COOCH3. 
Therefore the kinetically controlled product consists mainly of 1. 

The difference between sulfur and oxygen is apparent (1) in the 
exclusive conversion of CH300CCH2SCH,0CH2C00CH,, through 

CH300CCHSCH20CHzCOOCH3 as a precursor 48, into 2. 

CH 
s’ t o  

In  the intermolecular condensations49* 50 shown in reactions (22) 
and (23) the sulfur compound reacts faster than the oxygen analog. 

0 

2 C,H,C,’ + S(CH2COOC2H& - > CGH,CH=C-COOC2HB (22) 
I 
5 

‘H I 

0 
/ 
‘\ 

C,H,CH,COOH + CGH5C -> C,H,C-=CHCBHG 
I 
COOH H 
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111. ELECTROPWlkiC A N D  N UCLEOPHILIC ADDIB!ONS 
TO THE UNSATURATED SYSTEM O F  ALKENYL AND 

ALKYNYL THIQEYHERS 

A. Electrophilic AdditionP 
The orientation in the addition c\f electrophilic reagents to 

unsaturated ethers and thioethers, in which the aikoxy (-OR) or 
alkythio (-SR)group is conjugated with a double or triple bond, is 
governed by the positive electromeric ( +E) effect of thc alkoxy and 
alkylthio groups mentioned. The unsaturated systems show polariza- 
tion during the reaction as illustrated by 3 and 4. 

b -  5 '  b -  6' 

( X  = 0 c7 S )  

The /3-carbon atom assumes a negative charge and it will be clear 
that the electrophilic particle is oriented towards this carbon atom. 
Because o€ this polarization 1-alkynyl and 1-alkenyl ethers and thio- 
ethers are much more reactive in proton-catalyzed reactions than 
alkynes and alkenes. Since the electron-donating effect of alkylthio 
groups is weaker than that of alkoxy groups, it can be expected that 
electropldic additions with the thioethers proceed slower than with the 
ethers. 

There is indeed a great difference between the rates of the acid- 
catalyzed addition of water to 1-alkynyl  ether^,^-,^ and the sulfur 
analogs. The conversion of ethoxyacetylene (HC-COC,H,) with a 
5 N solution of sulfuric acid to ethyl acetate (CH,COOC,H,) proceeds 
with almost explosive violence, whereas ethylthioacetylene reacts much 
more slowly to yield thioacetate (CH,COSC2H5) 5 8 *  ". 

The rate-determining step in these acid-catalyzed hydrations is the 
addition of a proton (reaction 24) 60.  

H+ H20 

Slvw Fast 
R'C_CSRa - > R~CH=?SR~ -> R~CH=CSR~ - z RKH2COSR2 (24) 

Fast I 
+O 
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Wml the group R also contains an unsaturated system in conjuga- 
tion with the heteroatom, the rates of hydration are diminished. In  
vinylthioethyne (HC=CSCH=CH2) and vinyloxyethyne (HC= 
COCIZ=CH,) the triple bond is attacked first (reaction 25) 61, 62. 

H20 

H+ HC-CXCH=CHz + CH3COXCH=CH2 (25) 

(X = 0 or S) 

Another example illustrating the difference in rate of reaction be- 
tween unsaturated ethers and thioethers under electrophilic conditions 
is the Meyer-Schuster rearrangement of alkylthioethynyl car- 
binols '', 63* 6*,  e.g. reaction (26). 

H 
CH3 CH3 CH3 c 

/ 
CH3 

Hf \ + \c/ \\ 
HO- > -C=C-SC,H, _j HO-C-CH=C-SCzH, ---+ C-SCzH6 

/ \+/ 
CH3 0 

H 

/ 
CH3 

I 

CH3 CH3 
\ \ 

/ / 
CH3 

+ 
(26) C=CH--C--SZzH5 + C=CH-COSC,H6 

AH CE3 

The rearrangement can be carried out by shaking the carbinol with 
a 2-5 N solution of sulfuric acid in water. With the oxygen ethers this 
conversion may proceed explosively and a very dilute solution of acid 
has to be used5'; the reaction of the sulfur analog is considerably 
slower. 

The results of the acid-catalyzed hydrations of 1-ethoxy-2-ethyl- 
thioethene and -ethyne can be explained by the difference in strength 
of the polarizations caused by the ethoxy and ethylthio group65. The 
initial proton addition will take place a t  the most negative carbon 
atom of the unsaturated site, which is in the j3 position with respect to 
oxygen (reactions 27 and 28). 
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H H 
‘ O /  0 

I II 
CZHSOC=CHSC2H5 __f CZHSOCCHzSCzHS (28) 

For the results of the acid-catalyzed hydration of 1 -ethoxy-2- 
ethylselenoethene58 and 1-ethylthio-2-ethylselenoethene similar ex- 
planations can be given (reactions 29 and 30). 

0 

C2HSOCH=CHSeC2H, - H+ z \CCH,SeC2HS (29) 
HzO /* 

H 

0 
H+ \ 

Hz0 / C,H,SCH=CHSeC2H, d CCH,SeC,H, (30) 

H 

Vinyl ethers and thioethers are converted into acetaldehyde with 
dilute acid (reaction 3 1). Consecutive reactions may take place involv- 

H H  
\ /  

O+ 
H+ + H a 0  I /O 

> CH,C + RXH (31) CH,=CHXR - > CHaCHXR CHSCHXR - 
\ 
\ 

H 
(X = 0 or S) 

ing both products or one of the products with the startkg ~ I ~ ~ t ~ i k A  

(reactions 32 aiid 32a). 

0 
// 

CH3C +2RSH d CHaCH(SR)z 

‘H 

Radical 

addition 
CH,=CHSR + RSH + RSCH2CHzSR (32a) 

Peculiar, but not clearly understood, are the results of the acid- 
catalyzed hydration of /3-haloalkenyl thiocthers 6 6 -  67. /3-Bromovinyl 
ethyl thioether, for example, is converted into (ethy1thio)acetaldehyde. 
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I t  is not known a t  which carbon atom of the double bond the initial 
proton addition takes place. Two attempts to reconstruct the forma- 
tion of (ethylthio) acetaldehyde are represented by reactions (33a) and 
(33b). 

H 
ti+ + H.0 \ +  

CHBr=CHSC,H, __f CHarCH,SC,HS --+ 0-CH BrCH,SC2H6 __f 

/ H 
0 

CCHzSC2Hs (33a) 
\\ 
/ 

H 

H H  

Of 
\ /  

H+ + H2Q I 
CHBr=CHSC,H, - > CH,arCHSC,H, - > CHZBrCHSC,H5 d 

OH OH 0 
// 

CH,Br / tl - CH,-C C,H,SCH,C (33W 
/ 

H 
\y’ \H \ 

SC,HS 
\ 

I 

The hornologs of ,&halovinyl ethyl thioether yield alkylthioketones 
on treatment with acid. One of the possible mechanisms is given by 
reaction (34). 

OH 
H+ + HIO / - - 4  

RCGr=CHSC,I-I, __j RCHarCH-SC2HS -> RCHBrCH 
\ 
t 

S G H s  

OH OH O H  
/ 
\ 

+ + RCh(0H)CH 
/ ---+ RCHCH 

/ 
+ 

SCCHS 

RCH-C 

\$/ \H ‘SC2H6 

LZHS 
RC(OH)=CHSCZHS 4 RCOCHZSC~HS (34) 

/3-Haloalkenyl thioethers of the type CHC1=C(R)SC2H, also give 
alkyl thioketones under similar conditions. Possibly episulfonium ions 
are intermediates in this case too (reaction 35). 
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s R 

-Z Ha0 CHaCl dR -OH + 
H+ / 

__f CH,C!C 
/ 

\SCzHj +‘SCzH5 \SC,H, 

CHCI=C 

R R 

I 
CzHS CI- 

With /3-haloalkenyl(oxygen) ethers the initial proton addition must 
take place at the /3-carbon atom, since a-halo aldehydes are obtained 
in good yields (reaction 36) 67* 68. 

H H  
\ol 

c + 
> 
0 

H+ H a 0  
RCBr==CHOC2H5 w RCHBrCHOCzHS + RCHBr HOCzH, - 

RCHBrC/ (36) 

‘H 
(R = H or alkyl) 

7 0  

is catalyzed by sulfur dioxide. Oxygen must be carefully excluded in 
order to prevent radical addition which affords the adducts opposed to 
the Markovnikov rule (reactions 37 and 38). 

The electrophilic addition of thiols to vinyl ethers and thioethers 

SCZH, 
/ 

CHz=CHOCZHG + CZHbSH - > CH,Cti (37) 
‘0CzH, 

82% yield 

SCZH, 
/ 

CHz=CHSCzH, + CZHSSH - > CH,CH 

\SCzHs 

(38) 

37% yield 

The acid-catalyzed addition of alcohols to vinyl ethers proceeds 
more easily than that to vinyl thioethers, as may be concluded from 
reaction (39) 71. 

S <] + ROH a (oloR 
0 

(39) 
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The reaction between vinyl ethers and thioethers and between 
ethynyl ethers and thioethers proceeds easily with gaseous hydrogen 
chloride (reactions 40 and 41)72*5s. 'Rate studies have not been 
undertaken. 

CHz=CHXR + HCI - > CH,CHCIXR (40) 

HC=CXR f HCI __j CHeC(CI)XR CH3CCIzXR (41) 

A slightly more complicated electrophilic addition is the reaction 
of ketones and aldehydes with alkynyl ethers and thioethers 
(RC=CXC2H5) with boron trifluoride etherate ( (C2H5),0. BF3) as 
a catalyst 73*74. The a,p-unsaturated thiolesters formed in this reaction 
can be hydrolyzed to a,fl-unsaturated acids in high yields7*. 

HCI 

(X = 0 or S )  

R' 

L O  
/ 

RZ 

+ BF3 

R' 
\ 
/+ - 

C-OBF3 

RZ 

+ R3C=_CSC,H, 

0 0 
HgO + H e c k  Y 
_____j R1R2C=C(R3)C (+CIHgSC,H,) (42) 

// 
R1P."C=C(R3) C 

'OH 
H a 0  

B. Nucieophilic Additions to the  Unsaturated Systsiii 51 

All available experimental evidence shows that in nucleophilic 
additions the nucleophilic particle is directed towards the a-carbon 
atom of the unsaturated bond in the oxygen ethers, but to the /3- 
carbon atom v;hen thioethers are employed (reactions 43 to 46). 

OR 

(43) 
I \ /  

>C=COR + BH + C-C- 
/ '\8 

H 

OR 
L C  / 

H / 'B 

-CrCOR + BH ----+ 

H 
I \ / .  

>C=CSR + BH + B-C-C-SR 
/ \  

(45) 
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B H 

From this it must be concluded, that contrary to the oxygen ethers 
alkenyl and alkynyl thioethers show a polarization in nucleophilic 
additions which is the opposite to that shown in electrophilic additions. 
This can again be attributed to the ability of sulfur to accommodate 
ten instead of eight electrons in its valence shell during the approach of 
the nucleophilic particle and in the transition state of the reaction. 

The sulfur atom can therefore assist in the uptake of the electron 
pair provided by the nucleophilic reagent (reaction 4.7). The examples 
given hy reactions (48) to (56) are typical. 

- I -  I - donor 
proton 

6 + -C=C-S d [B-CzC-S- +-> B-C=C=S-] d 

I 
B-C=CH-S- (47) 

Vinyl alkyl and vinyl aryl thicrcthers add organolithium compounds 
(reaction 48) 75. 

- + Ether  
CH2=CHSR1 + R2Li - z R2CH2CHLiSR1 (48) 

(R1 = alkyl or phenyl, R2 = alkyl) 

The structure ofthese adducts can be proved by hydrolysis (reaction49). 

R2CH2CHLiSR1 + H 2 0  d R2Cd2CH2SR1 + LiOH (49) 

Vinyl ethers are cleaved by organolithium and Grignard com- 
pounds75*76; it is probable that an adduct is formed first (reaction 50). 

FOR1 

CHz=CHOR1 + Li'RZ- __f CHz-CH ___f -4 ' R Z  

Li 'ORl- + CH2=CHR2 (50) 

The nucleophilic addition of thiols to ethvnyl ethers as well as to the 
thioethers proceeds very easily, even in liquid ammonia at its boiling 
point ( - 33") (reaction 51 and 52) 4-  77-80. 

OC2t-5 
NaOC2HS / 

HCZGCOC~H:, + RSH ------+ CH2=C 
CnHsOH \ 

'5 R 
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NaOC2HS 

C2H,0H 
HC=_CSC,H5 + RSH - > RSCH=CHSC2H, 

The addition of alcohols to ethynyl ethers and thioethers is a slower 
- ,  

reaction, and refluxing for some hours is necessary (reactions 53 and 
54) a *  59. 

OC2HB OCZH5 
NaOC.H, /’ C2H,0H / 

HCZKOC~H~ + CZHSOH -- > CH,=C - CH,C-OC2H:, (53) 

‘OC,H, ‘OC2HS 
NaOC2HS 

HCECSCZHS + C2H5OH C2H,OCH=CHSC2H5 (54) 

Secondary amines can be added to ethynyl ethers and thioethers by 
refluxing the compounds (reactions 55 and 56) 51.58.81. 

OC2H6 
/’ 

\. 
HCGCOC~H~ + (C2HS)ZNH CH,=C (551 

N(C2H5)2 

HCrCSCZH5 + (CzH5)2NH - > (C,H5)2NCH=CHSC,H, (56) 

IV. REDUCTIVE CLEAVAGE O F  VHIQETWERS 

A. Cleavage by Alkdi Metals 
The cleavage which ethers 2nd thioethers undergo by the interaction 

with alkali metals is represented by reaction (57). The organometallic 

R1XR2 + 2 M 4 RIXM + MR“ (57) 
(X = 0 or S; R1 and R2 are alkyl, aryl, allyl, o r  benzyl;  M = Li, N a  o r  K) 

derivative MR3 can react with the solvent, e.g. when liquid ammonia 
is used (reaction 58). 

MR2 + NH3 + MNHz + R2H (58) 

It is generally accepteda2nE3 that the reduction of ethers and thio- 
ethers involves a transfer of two electrons from the metal to the sub- 
strate. The reaction can consequently also be written as shown in 
equation (59). Probably the two electrons are transferrcd in two steps. 

R*XR2 + 2 e  - > RlX- + R2- (59) 

After the transfer of one electron a radical is formed which either 
quickly picks up another electron, or reacts with another like-radical. 
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There are indeed some cases, where the dinier of' the radical R1- is 
formed in small quantities (reactions 60 and 60a) 8 4 p 8 5 .  

RIXRa + e ---+ R2X- + R1- (60) 

2R1.  - > RIR1 (60a) 

Saturated aliphatic ethersa6 are in general much more difficult to 
cleave by alkali metals than thioethers. This difference in reactivity 
may agair, be attributed to the relative abilities of oxygen and sulfur to 
expand their electron shells. The ethers arc stable towards the metals 
at  temperatures below 200°, whereas thioethers react fairly smoothly 
in organic solvent;, as well as in liquid ammonia (at ordinary pressure). 
The latter has the advantage that a homogenous reaction can take 
place : the alkali metals dissolve to give a blue colour, which disappears 
when the stoichiometrical quantity of the compound has been added. 

The use of an organic solvent, e.g. hexane, is often required whexi 
the purpose of the cleavage is the preparation of an ol-ganometallic 
compound or one of its derivatives since In liquid ammonia the or- 
ganometaks are soholyzed. Calcium hexamine 83 (Ca(NH,) 6) sus- 
pended in an organic solvent has a more specific action: dialkyl 
thioethers are not attacked, while the aryl thiol and the alkane are 
produced from alkyl aryl thioethers in good yields. 

The cleavage of symmetrical dialkyl or diaryl thioethers gives good 
yields of the tliiols86*87. In sonic cases the alkane, arising from the 
solvolysis of the organometallic compound, can also be isolated (re- 
actions 61 and 62). The cleavage of t-butyl n-octyl thioether only 
affords n-octanethiol (reaction 63). 

Liq. NH3 
C10H21SC10H21 + 2 Na ---+ Cl0H,,SNa + Cl0H2,Na 

CloHll!\la + NH3 __ > NaNH, + CloHZ2 

(61) 

(62) 

n-C8H,iSC.iHo-t + 2 Li ---+ n-C8H,,SLi + Other products (63) 

From n-C,H,,SC,H,-t only s-C,H,SLi is formed, while the 
cleavage of s-C4H,S-n-C,H, gives equal quantities of s-C,H,SLi and 
n-C,H,SLi. I t  appears from these and other examples that in the 
cleavage of unsymmetrical aliphatic thioethers the longest carbon 
chain is preferentially split off as a thiolate. Reaction of aryl allcyl 
thioethers with alkali metals always gives the aryl thiolate, while from 
unsymmetrical diaryl thioethers in general a mixture of both possible 
thiolates is formed. Cleavage of p-methoxyphenyl phenyl thioether 

CHSNHa 
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results in the exclusive formation of the unsubstituted thiophenol 

Aryl alkyl and diary1 ethers react with a liquid alloy of sodium and 
potassium or with solutions of these metals in liquid 
e.g. reactions (64), (65) and (66). Ally1 thioethers and benzyl thioethers 

(C6H5SH) 

CH3K + NH3 w CHd + KNH, (65) 

C6H60C8H5 + 2 N a  --+ CeH50Na + C6H6Na (66) 

as well as their oxygen analogs are very readily cleaved. Some of these 
cleavage reactions can be applied to the preparation of organometallic 
compourds (reactions 6788, 6889, 6gE5,  7OE5 and 719"). 

Na/K 

20" 

(CH2=C H CH2) 2 0  + CH,=CHCH,Na + CH,=CHCH,ONa (67) 
hexane. 35' 

Toluene 
CH3SCGHs + 2 K ______+ CH3K + CeHSSK (69) 

(70) 

CGH~SCHZC~HS - > C6H5SNa + NaCH,CGHs (71) 

The ether C,H50CH2C6H, gives in addition to C,H,ONa and 
NaCH2C6H, the rearranged product C,H,CH (ONa) C,H,. The easy 
cleavage ofbenzyl thioethers is widely used in peptide synthesis for the 
protection of the mercapto group in cysteine. S-Benzylcysteine is 
preparedg1 from cystine in liquid ammonia by reduction with sodium 
followed by benzylation with benzyl chloride. After completion of the 
peptide synthesis the benzyl group is removed by reduction with 
sodium in liquid ammonia (see, for example, the synthesis of gluta- 
thiong2). 

It is possible to cleave the C-S bond in unsaturated thioethersg3, 
without reducing the double bond, by controlled addition of the 
alkali metal, e.g. (reaction 72). This reaction deserves a more extensive 
study. 

CoH5CH3 + CH3K - CeH5CHzK + CH, } 
N a  

N a  

Liq. NH3 
C,H5CH=C(CZH6)SCeH7CH3+ - > CpH5CH=CHC2H5 -t p-CH3C,H7-SNa (72) 

(after hydrolysis) 
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B. Desulfurization with Raney Mickel 
Desulfurization by means of Raney nickel has been reviewed by 

several authors 94-g6 and therefore we have not treated this subject ex- 
tensively. Only the principle of desulfurization and some examples 
illustrating its use in organic syntheses arc mentioned. I t  is believed 
that the first step in the desulfurizations involves a chcmisorption of the 
sulfur atom on the surface of the catalyst. Fission of the C-S bond then 
takcs place with formation of two free radicals. Depending on the 
quantity of hydrogen absorbed by the catalyst, hydrogenation, di- 
merizatioii or recombination of the radicals may occur. These possi- 
bilities may be represented by reaction (73). Degassed catzlysts give 
greater yields of the dimers and recombination products. 

RIH + R2H 

(73) c R1SR2 ___f R'. + R2' 

. RIRl + R1ha + R2R2 

Desulfurization has found a wide variety of applications. In  the total 
synthesis of cantharidine (7) (compare reference 94- with 24) the 
intermediate 5 is desulfurized, yielding the compound 6 with the an- 
gular methyl groups in the desired configuration. Oxidative degrada- 
tion of 6 leads to cantharidine (reaction 74). 
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Of interest is a recently developed method for the synthesis of 
o-di-t-but$-substituted heterocyclic compounds 97. The last step in- 
volves cleavage with Raney nickel of a tetramethyl-substituted 
sulfur-containing ring, thus producing 4,5-di-t-butylimidazole (re- 
action 75). 

(75) 
Raney nickel 

boiling dioxane 
--- 

HSC CH3 

The desulfurization reaction is also a useful tool in structural studies ; 
among other reactions it has been used for the degradation of biotine 
(compare reference 94) (reaction 75a). I t  is possible to remove a 

0 0 

C C 
HN’ ‘NH Ni(H) HN’ ‘KH 

I I  II 
(754 +ti 

H3C (CH&COOCHS 

benzylthio group without reducing double bonds (compare reference 
94 with 103) (reaction 76). 

Ni(H) 

3-(Benzylthio)-3,5-~holestadiene 3,s-Cholestadiene 

A carbonyl group can be reduced to a methylene group by convert- 
ing the compound with a tliiol into the mercaptal or mercaptole and 
removing the sulfur-containing group with Raney nickel (reaction 77). 

R1 R1 5 RJ R’ S-CH, R’ 
2 R ? w ! - .  \/ Ni(H) \ 

0 1  \L’ L 1 CH, (77) 
\ c=o - 

/ 
R2 

/ \  
R” R“ /’ ‘SR3 Ra S-CHS 
/ CH2SHCH2SH 

19 +c.E.L. 
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I n  some cases, especially when a neutral medium is required, the 
Raney-nickel method is more advantageous than the Clemmensen or 
Wolf-Kishner reduction of the carbonyl group. 

V. CLEAVAGE OF TWIBETHERS BY NUCLEOPWILIC 
SUBSTITUTION AT SULFUR AND AT CARBON 

A. General 
There are two types of nucleophilic substitution leading to the loss 

of a thioether group. 
In  the first type the mlfur atom is attacked by the reagent and one of 

the organic residues to which it was bound is expelled as an anion. 
This may finally take up a proton from the solvent. Similar reactions of 
oxygen ethers are unknown. In the second type a carbon atom linked 
to sulfur is attacked by the reagent leading to the expulsion of a thiolate 
group (reaction 78). Conversions of the second type are common for 

Attack at S I H+ I 
> BSR + -C- - -C-I-{ + SSR I (from the 1 

solvcnt) 

(78) c I 

I 
I 

-C-SR + B- 

z B-C-+ RS- 
Attack a t  C I 

oxygen ethers too, and even proceed more easily with the latter, 
doubtless because of the stronger inductive effect of alkoxy groups. 

5. Nucleophilic Substitution at the Neteroatom 
There are many examples of organic nucleophilic substitutions 

occurring at atoms other than carbon, but curiously the reactions have 
received little attention or have been misinterpreted 98. These sub- 
stitutions can be expected when stable anions like alkynyl anions can 
be expelled. 

The conversion of 1 -chloro-2-phenylacetylene with butyllithium 
into lithium phenylacetylide and butyl chloride, is an example of such 
a process (reaction 79). 1-Bromo-2-phenylacetylene reacts in an analo- 
gous way with Grignard compounds (reaction 80). 
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p- :. 
C6H5CfC%r CH3MgBr __f C,H5C%MgBr’ i CH,Br (80) 

Nucleophilic substitution at sulfur has been observed with some 
alkynyl thioethers, having the systcms -C=C--$-R and -CH= 
CH-kC-SR (compare, however, section ILA), and with ortho- 
thiocarbonic esters (C(SR),). There are no examples of a similar 
cleavage of the C-0 bond. The facile reaction of the sulfur compounds 
is probably due to the assistance of the sulfur atom in the uptake of the 
electron pair provided by the nucleophilic reagent ; this assistance 
lowers the energy of the transition state. 

The examples given by reactions (81) to (85) are t y p i ~ a l ~ ” ~ ~ ~ .  No 

Liq. NU3 
(CH,),CC_CSC,H, + KNHZ + (CH,),CC_CK + NHZSCZH, (81) 

trace of alkyne is found after hydrolysis of the reaction mixture of the 
oxygen ether (CH,),CC-COC2H5 (compare reaction 81) with 
potassium amide, but only a mixture of the acid (CH,) ,CCH,COOH 
and the amide (CH,) ,CCH,CONH,. These compounds are probably 
formed by hydrolysis of an adduct of potassium amide and the alkynyl 
ether. 

CHaOH CH,OK 
I I 

RCH-CrCSCZH, + 2 KNHz + RCt-I-C=CK + NHZSCZH, (83) 

CHCECK + NH2SCH3 

(83) 

CHC=CSCH3 + KNHz 4 

Liq. NH3 
C(SRh + LiNHz + Li+C(SR), + NHzSR + :C(SR), + -SR -> Products (84) 

(R = alkyl or aryl) 

C(SR).I + CjHSLi - z C ~ H ~ S R  + L~+C(SR), :c(sR), - > Products (85) 

The C-Se bond in alkynyl selenoethers is more easily cleaved 
than the C-S bond D9. The disproportionation of ethylseienoacetylene 
(HC=CSeC,H,) which takes place under the catalytic influence of 
sodium ethoxide or sodium ethanethiolate (reaction 89) must be con- 
sidered as the consequence of a nucleophilic attack of the base (B-) 
at the selenium atom (reaction 86). Dialkyl ethynyl phosphines 
(HC=CP(R),) react in a similar w a y  in liquid ammonia. 
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HC=CSeCzH, + B- BSeC2H6 + H C r C  
(Nucleophilic substitution) (86) 

- - 
HCGC + HC_CSeC,H, FC HC-CH + CrCSeC,H5 

(Transmetalation) (87) 

- 
C=CSeC,H, + BSeC,H, C2HSSe2CSeC2t-i6 + 6- 

(N ucleop h i I i c su bs t i t u t ion) (88) 

From this overall equation it appears that the base (B-) plays the 
role of a catalyst. I n  liquid ammonia the reaction proceeds almost 
completely to the right,'because of the insolubility of the last product. 

Ethylthioacetylene (HC-CSC2H5) remzlns u~chznged 2m.der 
similar conditions. 

Bis(ethy1thio) acetylene (C,H,SC=CSC,H,) , when treated with 
phenyllithium in ether, gives a mixcure of products, as ethylthio- 
acetylene, phenyl ethyl thioether and phcnylacetylene (after hydrolyz- 
ing the reaction mixture). Probabiy nucleophilic substituticn at sulfur 
is involved in the formation of these products, as is expressed in 
equations (90) to (92). 

C,H5CC=CSCzH, + C,H,Li --+ LiC=CSC2HS + C,H,SCzH5 

C,HSSC=CSCzHs + C&Li + LiSC2HS + C,H,C~CSC,H, 

C,H,C=CSCzH, + CGHSLi + CtiHSC-CLi + CGH5SCzHS 

(90) 

(9') 

(92) 

(Substiturion at sulfur) 

(Substitution at carbon) 

(Substitution at  sulfur) 

The reaction of disulfides with Grignard compounds with organo- 
lithium coinpounds or with alkali alkynylidcs belongs to the class of 
nucleophilic substitutions at sulfur, which produces thicethers 
(R1SR2) (reaction 93) 103-81 . An example of this class of substitution is 
given by rcaction (94). 

R' 
I 

R I G S  T - R 2 [ M g B r l t  (o r  Li or N a )  __f 
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C21-&S-SC2HG + NaCrCC3H7 d C2HGSNa + C2H6SC=CC3H7 

58 1 

(94) 

Instead of disulfides, thiolsulfonates nisy be used to advantage in 
those cases when a reaction of the desired product with thiolate has to 
be avoided (reaction 95) lo4. 

Liq. NI-13 

CzHGSS02C,,tlG + NaCrCOR - > C2H&C=COf? + CzHoSOoNa (95) 

C. Nucleophilic SubstitzJtion at the a-CurDon Atom of Thioethers 

agents according to reaction (96) 8G. 

Several ethers and thioethers can be cleaved by nucleophilic re- 

In general the oxygen ethers undergo such a fission more easily than 
thioethers; this can be attributed to the stronger inductive efYect of an 
-OR group when compared with an -SR group. The nature of the 
groups R' and R2 has a strong influence on the rate of the conversion, 
as will be apparent &om the data below. 

Occasionally tlie presence of Lewis acids facilitates the conversion, 
probably through coordination with the heteroatom ; this aids the 
development of a positive charge at this atom. 

The cleavage of ethers and thioethers by treating with potassium 
hydroxide lo5 in ethanol has no preparative importance. The reaction 
only proceeds to a slight extent with aryl ethers (reaction 97). Thio- 
anisole is stable under these conditions. 

Ethano l  
CsHGOCH, + -OCzHS - > CHSOCZH, + CSHSO- (97) 

Phenyl alkyl ethers react smoothly with Grignard solutions at  
elevated temperatures, whereas the thioethers are quite stable lo6, 

e.g. reaction (98). 

200" (7"/b conversion in 7 hours) 

E t h e r  
CSHGOCH, + CHSPlgl CeH50Mgl + C2He (98) 

Saturated aliphatic ethers and thioethers do not react with ethereal 
Grignard solutions. 

Aryl alkyl and ally1 alkyl ethers are readily cleaved at room tem- 
perature by phenylmagiiesium bromide, the sulfur analogs require a 
much higher temperature and even then the reaction is incomplete 
(reaction 99) 107*108. 
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C,H,SCH,CH=CH, + CGH,MgBr ---+ 
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6 h  

78" 

CBH5CH2CH=CH2 + CoH,SMgBr + Starting material (99) 

The nucleophilic cleavage of a C-0 bond in acetals (CH,(OR),), 
orthoformic esters (HC(OR),) an2 crthocarbonic esters (C(OR),) 
occurs more easily than in ordinary ethers. An important application 
is the preparation of acetylenic acetals (reaction 100) log. 

Ether 
HC(OR1), + R2CGCMgBr __f R2C=CCH(OR1)2 + RlOMgBr (100) 

The presence of Lewis acids (magnesium bromide) in the reaction 
medium has a favorable influence on the reaction rate: when sodium 
alkynylides (dissolved or suspended in ether) are employed, the re- 
zctions proceed more slowly l l O .  

Formaldehyde thioacetals (CH,(SR),) and orthothioesters 
(HC (SR) 3) are stable towards alkynyl-Grignard compounds under the 
same conditions. In thioacetals derived from aldehydes one of the 
-SR groups can be substituted (reaction 101) ll1. 

R1CH(SRi)2 + R3MgBr + R2SMgBr + R3R1CHSR2 (101) 

Vinyl thioethers (R1CH=CHSR2) normally do nct react with 
Grignard compounds, but with alkyllitliium compounds a nucleo- 
philic addition generally takes place (see section 1II.B). The following 
example, however, involves perhaps a nucleophilic substitution at  
carbon (reaction 102) 112. 

CGHSCH=CHSCGHs + CIH,Li - t CpH&Li + C,HGCH=CHCIHs (102) 

Vinyl (oxygen) ethers appear to react similarly and give rise to 
alkene formation on prolonged heating with Grignard or alkyl- 
lithium compounds, e.g. reactions (103) and (104) 113 (compare with 
references 75 and 76). 

(103) CH,=CHOC,H, + CsH,MgBr - C,H,OMgBr + CH2=CHC6I-I6 
35% yield 

0 + n-CBH7MgBr ---+ CBH,CH=CH(CH&OMgBr (104) 

48"/0 yield 

I t  is not known whether these reactions are similar to SN2 substitu- 
tions in the sense that the formation of the new bond and the cleavage 



13. Thioethers; Differcnccs and Analogies with Ethers 583 

of the C-0 bond occur simultaneously; an addition-elimination 
mechanism could be considered as another possibility (reaction 105). 
CH,=CH-OC,H, + C,H,MgBr ---+ 

OC&9 

The reaction between dihydropyran and a Grignard compound seems 
to be a direct displacenient a t  carbon: the C-0 rather than the 
= G O  bond is broken (reaction 106). 

30% yield 

The alkoxy group in 1-alkynyl ethers can be readily displaced by an 
alkyl group or a dialkylamho groiip with formation of alkynes and 
yneamines, respectively (reactions 107 and 108) 114.115. Adducts may 
also be intermediates in these cases. 

Ether 
R1C~COC2H, + R2Li - > R1C=CR2 + LiOC,H5 ( 107) 

R1C=COC2H5 + RZ2NLi -> RIC=CNRZz + LiOC,H5 (108) 

Nucleophilic substitution at sulfur as well as metalation takes place 
when 1-alkynyl thioethers are treated with butyllithium (reactions 109 
and ll0l1l5. 

(lO9j RCH,C=_CSC,H, + C4HoLi - C4H9SC2H5 + RCH2CECLi 

RCH,C=CSC2H5 + C,HgLi - > RCHLiCrCSC,HS 

(Nucleophilic substitution at S) 

RCH=C==CLiSC,H, 

( 1  10) 
(Metalation) 

D. CJeavage of Ethers and Thioethers in the Presence of Hydrogen 

Important types of ether cleavage are those which are effected by 
Ndides and Let4is Acids 

hydrogen halides, acyl halides and Lewis acids 86. 
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1. Cleavage with hydrogen haiides 

The reactions of ethers arrd thioethers with hydrogen chloride, 
bromide or iodide can be regarded as nucleophilic substitutions by the 
halide ion 2t an a-carbon atom in the cmjugated acids of the ethers. 

L. Brandsma and J. F. Arens 

H 
I +  

CH3CHZ-O-CZH5 + HI - t CHjCHz-O-CZHS (111) 

H 
I +  

!- + CH3CHZ--O--CzH:, + CHjCH21 + CZHSOH (1 12) 

With aliphatic ethers, haking unbranched a-carbon atoms, the sub- 
stitution is of the SN2 type, e.g. reactions (1 11) and (1 12). With t-butyl 
ethers an SNl type displacement seems more probable. 

H 
I +  

RCH,-0-C(CH,), + HBr d RCHo-O-C(CH3)3 + 
RCHzOH + (CH,),: (113) 

+ -  
(CH3)& -:- Br - > (CH3)3CBr (1  14) 

Thioethers ar.3 in gcneral less reactive towards protonic and Lewis 
acids. The reason may be that the sulfur atom is too large to allow 
effective orbital overlap with a proton or with the electron-deficient 
atom of a Lewis acid; therefore generally no intermediate sulfonium 
compound is formed. 

Anisole (CH30C,H,) can he converted into methyl bromide or 
iodide and phenol by heating for 2 hours at 130" with hydrogen bro- 
mide or iodide, whereas t'riialanisole (CH,SC,H,) is stable under these 
conditions l16. 

a n d  (1 16) 118 may also illustrate the difference in 
reactivity between the C-0 and C-S bonds. However, at low tem- 

Reactions (1 15) 

120-1 30' 
CH30C6H,SR + HBr + HOCGH,SR 4 CH,Br (1  15) 

45% 

C2H50 -1- HBr HO-TJOH + 2 C2HSBr 

( 1  16) 

peratures dimethyl thioether forms an adduct with hydrogen iodide, 
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which gives methyl iodide and methanethiol on heating (reaction 
11 7) 

CHSSCH, + HI - z (CH,),S.HI + CH31 + CH3SH (1!7) 

Benzyl alkyl, benzyl aryl and dibenzyl ethers are vcry smoothly 
cleaved by heating with an aqueous solution of HBr with formation of 
benzyl bromide and the alcohol or phenol. The znalogous thioethers 
remain unchanged under similar conditions.. 

The influence of substituents in the nucleus, however, can be very 
important ; k-hydroxy- or alkoxybenzyl thioethers are readily con- 
verted by aqueous solutions of hydrogen halidesllg. The reason is, 
probably, that the p-hydroxy or alkoxy substituents by their electro- 
meric effect promote the attack of a proton at  sulfur and thus favor the 
cleavage (reaction 118). Acetals are very smoothly converted by 

: O R  .. 

gaseous hydrogen chloride to a-chloro ethers, even at very low tem- 
peratures (reaction 1.19). 

- 500 

R1CH(OR2)2 + HCI R1CHCIOR2 + R20H (119) 

Thioacetals (R1CH(SR2) 2 )  are stable towards hydrogel1 ch1.orid.z at 

With aqueous solutions of acids, acetals are converted into alde- 
these temperatures. 

hydes (reaction 120). 
19" 
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0 
Hf / 

RICH(ORZ), + HzO ___f RIC + 2 R20H 
\ 

The aikoxy or aryloxy group in acetals can be substituted by a!kyl- 
or arylthio groups; an application of this conversion is the preparation 
of thioacetals of acetylenic aldehydes (reaction 12 1) 120. 

ZnCI, 
RCEZCCH(OC;~~)Z + 2 C2H5SH - > RCzCCH(SC2H5)Z + 2 CCHSOH (121) 

The cleava-e of thioazetals with dilute acids can only be effected 
when mercuric chloride is added 121* 12,. The intermediate complex 
formed between the thioacetal and HgCl, is hydrolyzed m.ore easily. 

In  another method of converting thioacetals into the corresponding 
aldehydes a mixture of bromine and water is employed (reaction 
122) 128. 12*. Probably a bromosulfonium bromide [R1CH(SR2),- 
Br] +Br- is first formed by addition of bromine to the sulfur atom. 

? 

0 
/ 

R*CH(SR2)2 + Br2 + H,O - > RIC + R2SSR2 + 2 HBr (122) 

'H 

Ketone thioacetals (R1R2C(SR3),) are hydrolyzed more easily by 
dilute acids than aldehyde thioacetals. The addition of mercuric 
chloride is not necessary (reaction 123) 125. 

H+ 
RIRzC(SW)Z + H,O + R1R2C=0 + 2 R3SH ('23) 

2. Cleavage with acyl k a l i d e ~ ~ ~ ~ ~ ~  
Ethers and thioethers are cleaved by acyl ha!ides. The conversion is 

catalyzed by Lewis acids such as AlCl,, SnC1, and SbCl,. The un- 
catalyzed formation of alkyl halides from thiocthers and acyl halides 
proceeds more slowly than that from ethers. 

Diethy! thicether reacts ody  with acetyl bromide and iodide; the 
ethyl iodide formed reacts further with unconverted diethyl thio- 
ether (reactions 124 and 125) 126. Orthothioformates (HC(SK),) are 

0 0 
I I  I I  

(124) 

( 125) 

> C,H,I + CHaCSCZH;, CZH,SC,H, + CH3C-I - 
CzH5SCZHs + CzHal - > (C2H&Si I - 
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more reactive and are cleaved readily by acetyl chloride (reaction 
126) 127. It  is presumed that these conversions proceed through inter- 

0 0 

(126) 
I I  I1 

klC(SR)3 + CH,CCI + HCCI(SR)3 + CH&SR 

action of the heteroatom with the positively charged carbonyl carbon 
of the acyl halide (reaction 127). 

CI CI - 0 
I I Ic 

L o  
CH, 

CH,C=O + R%R --+ RX+R --- RCI + RX C H ~  .. 

3. Cleavage with b w i s   acid^*^.^^ 
Cleavage of ethers can be effected by heating with Lewis acids, 

e.g. MgI,, AlCl,. Again the lone pair of electrons a t  the heteroatom 
must be responsible for this occurrence (reaction 128). Anisole is there- 

fore completely converted into methyl iodide and phenoxymagnesium 
iodide by heating for one hour at  200" with MgI,; on the contrary 
C6H,SCH, remains unchanged under these circumstances l17. 

VS. REACTIONS OF HALO AND WYDROXY TWIOETEPERS 

The a-, /3-, y- and &halo and hydroxy thioethers show interesting 
differences in properties. Furthermore their properties deviate from 
those of the oxygen analogs. 

k. CX-HQIO Thioetheis 

a-Halo ethers and thioethers (CH,HalXR or RCHHalXR where 
X = 0 or S )  show a much higher reactivioj towards nucleophilic 
reagents than primary or secondary alkyl halides, probably because 
they can form carbonium ions stabilized by resonance 128 (compare the 
reviews given. in references 129 to 132 and references mentioned 
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therein) (reaction 129). cr-Chloro ethers and thioethers hydrolyze much 

.. -Halogen + 
R1CHHalXRa - > [RICH?Ra .. -4 R1CH=%R2] .. 

(X = 0 or S) 

faster than aUcyl chlorides (reaction 130). This reaction is iirst order, 
the rate-determining step being the ionization. 

0 
H =O / 

RICHCIORa R1CH(OH)OR2(+ HCI) R'C + R 2 0 H  (130) 

'H 

The a-chloro thioethers react considerably more slowly than thc 
ethers, as may be expected from the lower + E  effect of an alkylthia 
group compared to an akoxy group. Furthermore, part of the thiol 
formed in the hydrolysis reacts with the aldehyde with production of a 
thioacetal. The intermediate a-hydroxy thioethers are only stable at 
lower temperatures In aqueous solution (rc-xc:tions 13 1 and 132). 

RICH(OH)SRZ + R'SH - > R'CH(SR')Z + H 2 0  (132) 

Chloromethyl alkyl ethers (CH,ClOR), especially those with a 
smzll alkyl group, react very vigorously with liquid ammonia; with the 
chloro thioethers the reaction is not instantaneous (reaction 133) 133. 

CH,CIXF, + NH3 A HCI. NH,CH,XR (133) 

With alcohols (R'OH) or thiols (R2SH) acetals or thioacetals are 
formed. Again the u-chloro ethers react much faster than the corres- 
ponding thioethers. Diethylaniline can be added in order to remove 
the hydrogen chloride liberated (reaction 134). 

(X = 0 or S) 

C G H ~ ( C ~ M ,  
R1CHCIXR2 + R2XH > R1CH(XK2)z + CCH5N(CzH5)2. HCI (134) 

(X = 0 or S )  

Instead of the free alcohols (phenols or thiols) the alcoholates, phe- 

Some other reactions with nucleophilic reagents have found useful 
nolates or thiolates can be used, the same product being produced. 
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applications, e.g. the reaction of alkynylmagnesium bromides or 
alkynyllithiuin compounds with a-chloro ethers or thioethers (reac- 
tion 135). 

R Z  

Ether 1 .  
R'CrCMgBr(or RC=CLi) + R2CHCIXC2H5 - > R1CiK-CHXC2H, (135) 

(X = 0 or S )  

The synthesis of the oxygen compounds in this manner proceeds 
more easily and with better yields than that of the thioethers; a- 
chloro ethers react with the Grignard solutions readily at -20 to 0", 
whereas the chloro thioethers require refluxing for some time134. 

There is, however, a fundamental difference in the behavior of 
a-chloro ethers and thioethers towards organolithium, -sodium or 
-potassium compounds in liquid ammonia. The a-chlor3 ethers give the 
normal substitution products with alkynylides together with products 
of ammonolysis (reaction 136). 

Liq. NH3 
R'CrCNa + CHzCIOR2 + R*CrCCH20R2 ( 136) 

However, when chloro thioethers (CH2C1SR2) are added to lithium, 
sodium or potassium alkynylides in liquid ammonia, instead of the 
expected 2-alkynyl thioethers (R1 C-CCH2SR2), appreciable quanti- 
ties of the thioacetals (CH2(SR2),) are formed. Lithium amide also 
converts the a-chloro thioethers into the thioacetals 135. 

a-Halo thioethers of the type R1CH2CHHalSR2 readily split off 
hydrogen halide59 on heating at 70-1 10". The hydrogen halide can be 
removed under retiuced pressure or by the addition of a sterically 
hindered base, e.g. diethylaniline, alkenyl thioethers (R1CH=CHSR2) 
being produced. The a-halo(oxygen) ethers are also converted into 
alkenyl ethers (R1CH=CHOR2) cn heating with bases like die- 
thylaniline or dicyclohexylethylamine, bGt on' thermal decomposition 
in the absence of these bases alkyl halides and aldehydes are formed 
rather than alItenyl ethers 129. These reaction possibilities may be 
represented by reaction (1 37). 

0 

-+ R2Hal + R 
when (X : r RSXHCH~R~ .. 

t -Hal- 
R"XCH(Hal)C' ' - *  

// 
'CH2C 
= 0) '\H 

(137) I i -tt?K' __f 

4. 
R~LCHCH~RI R*XCH=CHR' 

(X = 0 or S )  
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The remova! of hydrogen halide fiom a-halo cthers and thioethers by 
means of sterically hindered. bases generally affords the alkenyl ethers 
or thioethers in good yields. There is no marked difference between the 
rate of dehydrohalogenation of the ethers and thioethers in the pre- 
parative experiment. 

A useful application of this elimination reaction is the synthesis fiom 
glutardialdehyde through the corresponding cyclic saturated dichloro 
derivatives of y-4H-pyran and y-4H-thiopyran, compounds unknown 
until reczntly (reactions 138 and 139) 136. 

ACH, 
+ 2HCI .d I c=o 

1 
o=c 

I 
H H 

HC ACH 
+ I t  ' I  (138) 

Diethylaniline 

120- 130" HC 

CH2 
H2C/ 'CH2 

[ c=o 
H 

+ 2 HCI + H2S - I o=c 
H 

I I 

Another type of elimination137 is the 1,l-dehydrohalogenation of 
chloromethyl ethers and thioethers by means of strong bases like 
t-butyllithium and potassium t-butoxide. The intermediate carbenes 
can be trapped by adding an alkene (reaction 140). 
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Thc dehydrohalogenation proceeds more smoothly with the thio- 
ethers than with the ethers. A possible reason therefore is that in the 

ClCH2XR + 8- d CHClXR - 
:CHXR ----+ Cyclohexene DrR (l4') 

a-chloro thioethers the alkylthio group contributes to the activation of 
the a-hydrogen atoms (compare with section 1I.A). 

8. p-, y- and S-Halo and Hydroxy Thioethers 
One of the most striking properties of 8-halo thioethers is their very 

fast hydrolysis. In  this respect they resemble the a-halo thioethers. The 
phenomenon is attributed to the formation of an episulfonium ion in a 
rate-determining step. This intermediate is very readily attacked by 
water, a /3-hydroxy thioether being produced (reaction 141). 

6H2CH2CH2SR ---+ HOCH2CH2SR + H' (141) 

In  their turn 8-hydroxy thioethers are very smoothly converted into 
8-halo thioethers, even by aqueous hydrochloric or hydrobromic acid, 
in a reversal of the preceding reaction. 

The reactivity of P-halo ethers (HalCH,CH,OR) and 8-hydroxy 
ethers (HOCH,CH,OR) is comparable with that of primary alkyl 
halides or primary alcohols and is much lower than that of their sulfur 
analogs. The hydrolysis of C1CH,CH20C2H, is slower than that of 
alkyl halides. 8-Bromoethyl ethyl ether can be obtained from 2-ethoxy- 
ethanol ar,d PBr, in yields which do not exceed 60% 136, the 8-bromo 
thioether, on the contrary, can be prepared in very high yields 
(reaction 142) 139. 

3 CHo(OH)CH2XC2H5 + PBrj - z 3 CH2BrCH,XC2H:, + P(OH)3 (142) 
(X = 0 or S )  

Consequently there are no indications for an interaction between 
oxygen and a 8-halogen or a p-hydroxyl group in the oxygen ethers. 
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Many conversions of 8-halo or p-hydroxy thioethers with nucleo- 
philic reagents can be considered to proceed .ria an episulfoniurr! ion, 
In principle nucleophilic attack can take place on both carbon atoms 
of the three-membered ring, so that in general two substitution 
products must be expected. The ratio of thesc products depends on 
the nature of the substituents. 

The following examples may give an impression of the reaction 
possibilities of 8-halo and p-hydroxy thioethers 140-142. 

8,p’-Dihydroxydiethyl thioether is very readily converted into a 
dietlier, when treated with alcohol in the presence of acids. This con- 
trasts with the fact, that the formation of ethers from hydroxy com- 
pounds usually requires drastic conditions. The intermediate formation 

CH, 
H+ /+\ ROH 

HOCH2CH2SCH2CHZOH -- > CHo-S-CH2CH20H 

CH2 
/+\ ROH 

ROCH2CH,SCH2CH20R (143) 

ROCHzCH2SCH,CH,OH - > ROCH,CH2-S-CHD + 

of’ episulfonium ions would elegantly explain the difference (reaction 
143). The conversions shown in reactions (144) to (149) are also com- 
prehensible when episulforrium ions are involved. Thioacetals with a 

CH, H 

CBH,SCH(CH,)CH,OH + C,HBS-C + CGH,SCH3CHCICH3 (144) 
/+\/ SOCL 

\ 
Ct-I3 

Liq. NH3 
RSCH~CHCICEN __t CH,-CH-C=N - > NH,CH,CH(SR)C=N 

+ RSCH,CH(NH,)C=N (145) \;/ 
I 
R 

KBr/DMF 
CH3SCHzCHCICOOCH, + CH2-CH-COOCH3 -> 

\?/ I 00’ 

b CH2BrCH(SCH3)COOCH3 ( 146) I 
CH, 
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CH, 
I 

CHZCHCICH3 I 1  
CH3 CHCl 

CH CH2 + 
/ 

‘CH,CHCICH~ HZC-S /+\ / Na,S 
S 

&halogen, e.g. C1CH2CH(SC,K,) 2,  undergo a spontaneous elimina- 
tion of hydrogen halide with formation of a rearranged product (re- 
action 150). The corresponding oxygen acetals are quite stable. 

H 
- H+ 
+ C,H5SCH--CHSC2HB (150) 

- CI- / 
CICH,CH(SC,H,), - > CHZ-C 

SC2H, 
\;/‘ \ 

(!?.HI 

A valuable of’ the properties of @-halo iliioethers is Zie 
isomerization of the 3-desoxy-3- (ethylthiojxylose derivative 8 into 
the 2-desoxy-2-(ethylthio) arabinose derivative 9 in the synthesis of the 



594 L,. Brandsrna and J. F Arens 

first natural purin-2’-desoxynucleoside, namely, 2’-desoxyadenosin 10 
(reaction 151). 

H 0 C H,/O LCzH7 I .  SOCI“ 
2. H , C C O O N ~ ~  

+ HZO 

‘OH 

(8 )  

(R= 9‘-(6’-Aminopurinyl)) 

CI- 

Episulfonium ions must be intermediates in the addition of sulfenyl 
halides to double bonds, as is illustrated clearly by reaction (152) I4O. 

CHz=CHCOOCH3 + RSCl - > CHZ-CH-COOCH3 + CI- - > 
\;/ 

I 
R 

CH2CICH(SR)COOCH3 + RSCH2CHClCOOCHf, ( 1  52) 

A possible explanation for the unexpected orientation in the addition 
of sulfur dichloride and sulfenyl chlorides to l - a l k y n e ~ ~ ~ ~ . ~ ~ ~  is the 
occurrence of episulfonium ions (reactions 153 and 154). These epi- 

4 . -  

CISCH=?-R CH=C-R ------ +---- CIS-CI + HC=CR - 
CI - 

\$/  
CI - 

I 
CI 

R R R 
/ IiC-CR I I 

CHCI=C ___ > CHCI=C-S-C=CHCI (153) 
via epi- 

ion 
‘scl sulfpnium 
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R1 

RaSCl + YC-CR' - z R"SCH=CR* CH=CR1 CHCI=C' (154) 

CI - \2' CI- \Sn. 
I 
R" 

sulfonium ions may be invoked to explain the formation of the, alkynyl 
thioethers R'C=CSC=CR1 and R1C=CSR2 from [CHC1=CR1],S 
and CHC1=CR'SR2, respectively, by careful addition of lithium 
amide in liquid ammonia (reaction 155) 1*6.1*7. 

0- H C-CR - RCECSC,H, (155) 
/R  

C HCI =C, 

SC2H5 

I 

y-Halo thioethers 148, e.g. C1CH2CH2CH,SR, are more difficult to 
hydrolyze than primary alkyl chlorides. Also their formation from 
y-hydroxy thioethers proceeds more slowly than that of alkyl chlorides 
from alcohols, even when FC1, is used. A satisfactory explanation has 
not been given. 

Neighboring-group interaction is favored in &halo an3 8-hydroxy 
thioethers, because the required five-membered ring can be formed 
with-out strain. On standing, 6-bromo thioethers form a cyclic sul- 
fonium bromide. 

The rates of interconversion between the &halo and 8-hydroxy 
thioethers, though not as high as in the cases of the a- and /3-substituted 
thioethers, are considerably higher than those of primary alkyl halides 
and alcohols. The intermediate species is the five-membered sulfonium 
ring (reaction 156). 

CI 
+ C H2O H 

I i- CI- 
RS- CH2 H,O RS 

- 1  r d I  RS . 
I 

As is known, ethers do not form oxonium salts with alkyl halides. In 
accordance with this no acceleration by 'neighboring-group interaction' 
isobservedduringreactionof 6-chloroethers (CH2C1CH,CH2CH20R); 



596 L. nrandsma and J. F. h e n s  

the behavior of &substituted ethers resembles that of alkyl halides or 
alcoliols. 

I t  is interesting to note that 8-cllloro ethers in the presence of metal 
chlorides such as SbC1, do form an intramolecular oxonium com- 
pound 149. The SbC1, abstracts a C1- ion from the ether to form a stable 
anion SbC1,- (reaction 157). 

Though six- and higher-membered cyclic sulfonium ions are stable, 
their rates of formation from the w-halo or o-hydroxy thioethers 
rapidly diminish with increasing length of the carbon chain. The 
probabilipy of the halogen coming into a favorcci position by the coiling 
of the molecde becomes increasingly smaller. Accordingly there will 
be a continuous decrease in the rates of interconversion be&veen the 
w-halo and a-hydroxy thioethela going from four to nine carbon 
atoms between the sulfur and the halogen or hydroxy group. 

VI1. MISCELLANEOUS REACTIONS OF THIOETHERS 

A. Some Reactions of the Heteroatom150-151 

Dialkyl thioethers readily add alkyl halides to form trialkylsulfonium 
halides (reaction 158) ; these compounds are soluble and highly ionized 

R:S + R'Hal - > R:R*S+Hal- (158) 

in polar solvents. Methyl iodide reacts most readily, while the higher 
iodides and 2lso alky! bromides and ch!orides combine less smoothly 
with the thioethers. The rate of formation decreases likewise with 
increasing length of the carbon chain in the thioethers. The influence 
of the solvent is very important; a polar solvent, e.g. methanol, is 
favorable. The alkylation is catalyzed by mercuric halides. 

Unsaturated thioethers with a double or a triple bond, in which 
the sulfur atom is conjugated with the unsaturated system, e.g. 
(CH,==CH)2S, (CH,C=C),S or HC=CSC,H,, do not form 
sulfonium compounds under the usual conditions 

This difference in reactivity between saturated and unsaturated 
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thioethers can be used for the removal of contaminating saturated 
thioethers in alkynyl thiocthers 2o ; the difference between the boil- 
ing points of ethyltliioacetylene (HC-CSC,H,) and diethyl thio- 
ether ((C2H5),S) is only 2 to 3". When the ethyiiyl thioether is 
prepared fi-om sodium acetylide, sulfur and ethyl bromide, about 25% 
yield of diethyl thioether is present as impurity. This can be removed 
by adding a proper quantity of methyl iodide. After some days standing 
at 20" a bottom layer separates consisting mainly of diethylmethyl 
sulfonium iodide. When the mixture is shaken with water, the sul- 
fonium compound dissolves. Distillation of the upper layer results in 
purified ethylthioacetylene. 

Ethers (R,O) only form oxonium salts with alkyl halides when metal 
halides such as SbCI,, SnCI, and FeC1, are added (reaction 159) 140. 

RAO + R T I  + SbCI, ---+ RiR20+SbCI,- (159) 

Contrary to the trialkylsulfonium compounds the oxonium salts ai'e 
only stable in nonaqueous media. 

When triethyloxonium borofluorate and diethyl thioether are 
brought togethzr, diethyl ether is liberated (reaction 160). 

(C,H,),O+ BF,- i- (CzH&S -> (C2Hs)20 + (C~HS)~S+ BFc (160) 

Dialkyl thioethers also form sulfonium compounds with strong 
acids ; dimethyl thioether ((CH3) 2s) dissolves in concentrated sulfuric 
acid with formation of the odorless compcund (CH,),SH-HS0,- . On 
dilution with water dimethyl thioether is liberated again ; dialkyl ethers 
behave similarly. 

Thioethers with an ester group on the P-carbon atom, such as the 
methylester of 3-(methylthio)propionic acid fCH,SCH,CH,COOCH,) 
give unexpected results when they are subjected to strong acidic con- 
ditions153; the propionic ester yields dimethyl thioether ((CH,) ,S) and 
bis-2-(carboxyethyl) thioether ( (HOOCCH2CH,)PS). An intermediate 

complex ion CH3S (H) CH,CH,COOH is thought to be formed in the 
strongly acidic medium. This ion might then be converted into the 
corresponding thetin (( CH,),SCH,CH,COOH) and 3-mercapto- 
propionic acid (HSCH,CH,COOH) . The dimethyl thioether, to- 
gether with acrylic acid (CH,=CHCOOH), might be decomposition 
products of the thetin. Thc his-2- (carbosyethyl) thioether ((HOOC- 
CH,CH,) ,S) would bc formed by addition of 3-mercaptopropionic 
acid (HSCH,CH,COOH) to acrylic acid (CF2=CHCOOH). 

f 

+ 

-+ 



598 L. Brandsma and J. F. Arens 

Alkylthioacetic acids (RSCH,COOH) remain unchanged on boiling 
with concentratsd solutions of strong acids. Probably the carboxyl 
group in this position renders the unshared electrons of the sulfur atom 
unavailable, so that coordination of a proton is hindered. The inter- 
mediate occurrence of thetins can also expiair, th.e formaGon of di- 
methyl thioether and homocystein (HSCH,CE2CH(NH2) COOH) 
from methionin (CH,SCH,CH,CH (NH,) C00I-I) and 18 N sulfuric 
acid. 

The products formed from thioethers and halogens at low tempera- 
tures can be regarded as sulfoniuin compounds. At room temperature 
the halogen migrates to the carbon chain or to the aromatic rinz, while 
hydrogen halide is evolved, e.g. reactions (161) and (162). The adducts 

+ CH3SCH2CI (i61) 

+ 
Ph2S + Br, - > Ph,SBrBr- - p-BrCGH,SPh + HBr (162) 

of thioethers and iodine are more stable. They have a characteristic 
absorption band at 308 mp. Aliphatic thioethers can be detected even 
in very low concentrations by this reaction 15*. 

Thioethers can also take up two molecules of bromine or icdine. 
Dibenzyl thioether forms a ' tetraiodide' at 120" in acetic acid (reac- 
tion 163) 155. From P,p'-dichlorodiethyl thioether ((CH,ClCH,) ,S) and 

(163) 

two molecules o.f brominean un stable adduct (ClCH,CH,) ,S +Br- 
Br,- is obtainedlS6, which readily converts into the relatively stable 
(ClCH,CH,),S +Br--Br- (m..p. 44"). The adducts of halogens with 
selenides and tellurides are more stable. The tendency of the selenium 
atom to add bromine is so strong, that only one double bond in divinyl 
selenoether can take up bromine (reaction 164) 15'. Tetrachlorodivinyl 

(CH,=CH)2Se + Br, d CH,BrCHBrSeCH=CH, __f 

12 
(CGHSCH&S + 12 d (CGH5CH2)25l....I- + (CGH~CH&S+ 1-13- 

B rl 

B r  
I 

CHzBrCHUrSe+-CH=CH2 (164) 
Br- 

selenoether similarly adds chlorinc to the selenium atom (reaction 
165) 158. I t  is reported that ethers can also form oxonium dibromides 

[CHCI=CCI],Se + C12 - > [CHCI=CCI],Se+-CI.CI- (165) 



13. Thioethers; Differences and Analogies with Ethers 599 

R20-Br2. The heat of formation is less than in the case of the thio- 
ethers. 

Aikyl thioethers react with chloramine-T and chloramine-B with 
formation of sulfilimines, compounds having distinctive melting 
points (reaction 166) 159. 

CI 
/ 

', 
RiS + R2S02N + R&-fiS02Ra 

Na  

(R2 = CHjCsHd-, C6H6-) ( 166) 

Of particular interest are the ylides obtained from some sulfonium 
compounds. When for instance a solution of fluorenyl-9-dimethyl- 
sulfonium bromide is treated with sodium hydroxide dimethylsul- 
fonium-9-fluorenylide is produced as a yeilow precipitate (reaction 
167) I6O. An important application161 in the chemistry of sulfur ylides 

is the preparation of oxiranes by adding an aldehyde 
ylide; in some cases a ketone also gives good results 

0 

to a solution ofan 
(reaction 168). 

/- 

'H 
> (C,H,)ZS-CHR' - > (c~H~)~S-CHR~ - 

R,-C 

+ > 
BF4- 

BuLi + -  

THF I (CeHJ2S-CHZR' - 
-O-CHR2 

0 
/ \  

RICH-CHR' + (CsH&S (168) 
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Ylides are formed as intermediates from benzyne (prepared in s i k  
from o-chlorobromobenzene and butyllithium) and dialkyl thio- 
ethers 162. The ylides undergo a Hoffmann degradation, alkyl phenyl 
thioethers and alkenes being formed, c g. reaction (169). 

+/C5H11 

=:$H2 H C-H 
@c6H11 + CH2=CHC3H, (169) 

I 
C3H, 

The phenyl alkyl thioethers (and alkenesj are obtained in good 
yields. In the case of dimethyl thioether ((CH,),S) as starting product 
phenyl methyl thioether (C6H,SCH3), along with polymethyle,?e 
((CH2),J is found. 

When the generation of benzyne with butyllithium and the addition 
of the thioether ((CH,),S) are carried out at low temperatures, thc 
intermediate ylide can be trapped by adding perchloric acid to the 
mixture. Similar results are obtained with o-fluorophenylrmgncsium 
bromide as a source of benzyne163. With ally1 or benzyl thioethers the 
reaction mixtures are more complicated. 

Ylide formation is thought to occur with saturated thioethers and 
dichlorocarbene, but no pure products have been obtained as yet 16'. 

Addition takes place between dialkyl thioethers and the triphenyl- 
methyl radical to form an unstable compound (reaction 170) 165. 

RSR + 2 P h S C -  d R2S(CPh3), ( 1 70) 

A very characteristic property of thioethers is the formati.on of 
we!! dzfincd crystalline coordination complexes with salts of heavy 
metds 166. These complexes can be used for thc identification and iso- 
lation of thioethers ; the thioethers can be recovered by decomposition 
of the complex with hydrogen sulfide, which converts thc mercuric 
chloride in the complex into mercuric sulfide. 

The most common complexes are those with HgCl,. Some thioethers 
can combine with one molecule of HgC1, as well as with two; two 
molecules of the thioether or two alkylthio groups can also complex 
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with only one molecule of HgC1,. The complexes are usually prepared 
in alcohol. Other metal salts coordinating with sulfur are PtCl,, 
PtCl,, PtBr,, AuCI, AuCI,, SnCI,, IrC!3, ZnCI,, ZnI,, SbCl,, AlCl,, 
etc. 

Thioethers can be oxidized to sulfoxides and s ~ l f o n e s ~ ~ ~ * ~ ~ ~ .  The 
oxidation to the sulfo_wides is more rapid than the conversion of the 
sulfoxides to the sulfones, so that it is in many cases possible to obtain 
the sulfoxide in a pure state (reaction 171). The oxidants most 

0 0 
t t 
.1 
0 

> R1SR3 R’SR” R’SR’ - (17’) 

frequently used are hydrogen peroxide (SOY0), peracids (e.g. 
C,H,COOOH), concentrated nitric acid, potassium permanganate 
and chrcmic trioxiide, while in some cases iodosobenzene (C,H,IO) 
and ozone have been applied with good results. I t  is accepted that the 
oxidation of thioethers to the sulfoxides involves a nucleophilic attack 
by the sulfur atom upon the peroxide oxygen, while the oxidation of the 
sulfoxides to the sulfones must be regarded as a nucleophilic attack by 
the peracid upon the sulfur atom of the sulfoxide. The general equation 
(172) represents the oxidation to the sulfoxides. 

R?J + RzOOH + RqSO + R 2 0 H  ( 172) 
(R” = H, alkyl, acyl, o-HOOC-C6H,C0, CF,CO) 

The ease of the oxidation depends on the structure of the groups 
linked to sulfur, and on the nature and the position of substituents in 
these groups. For instance, dialkyl thioethers such as (C2H5),S are 
readily oxidized to sulfoxides and sulfones by hydrogen peroxide (30y0), 
whereas unsaturated thioethers such as CH,=CHSR or RSCkCSR 
are hardly attacked by this reagent, and a very concentrated solution 
(70%) of H,O, or a peracid are required. 

Alkyl thioethers with electron-withdrawing substituents, e.g. 
CH,CICH,SR, are less reactive than the unsubstituted diakyl thio- 
ethers, while the latter compounds are much more easily oxidized than 
diary1 thioethers. 

In  the aryl series p-methyl and p-methoxy substituents increase and 
$-chloro and p-nitro substituents decrease reactivity towards H,O,. 
The oxidation of thioethers with ozone often gives quantitative yields 
of the sulfones or sulfoxides. 
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Some thioethers, especially of the allylic type, are autooxidized to 
some extent, with sulfoxides present among the products. 

B. Halogenation of Saturated Thioeihers 120-132 

The preparation of a-halo thioethers in good yields by the direct 
halogenation of saturated thioethers is limited to a few compounds, as 
in the case of the oxygen ethers. A more general method to obtain the 
a-halo thioethers is the introduction of gaseous hydrogen halide into a 
cooled mixture of an aldehyde and a thiol (reaction 173). 

0 
// 

K'SH + HCI f RIC + R1CHCISR2 + H20 

'H 

(173) 

Successful chlorinations with free chlorine can be carried out, e.g. 
with (CH3)2S 169, CH3SC,H5, (C2H,),S and CH,SCH,C,H,. In  
these cases the proper quantity of chlorine is introduced at -20" into 
a mixture of the thioether and a solvent, e.g. CCl,. The products ob- 
tained are respectively CH,ClSCH,, CH3SCHC1CH3, CH3CHC1- 
SC2H, and CH3SCHC1C6H,. Sulfuryl chloride or thionyl chloride 
can be used instead of ~ h l o r i n e l ~ ~ . ~ " ~ .  The chiorination at  higher 
temperatures often leads to cleavage of the C-S bond with formation 
of sulfenyl halides (RSCI) 172 or alkyl halides. Formaldehyde dimethyl- 
thioacetal is converted into a mixture of a chlorothioether and a 
sulfenyl chloride in high yields (reaction 174) 173. 

CHz(SCH& + Cla CH3SCI -i- CHzCISCH3 

A possible mechanism for this cleavage is given by reaction 
CI 

( 174) 

(175). 

I 
S+ Nucleophilic 

CHz(SCH3)z i- Clz + CG2 'CH, CI- - CH3SCHzCI 4- CH,SCI (175) 
attack 

of CI- at C \ 
SCH3 

Trithiane is converted by sulfur dichloride or monochloride into 
cr,a'-dichlorodimethyl thioether in excellent yield (reaction 176) 17*. 
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Thc halogenation of thioethers proceeds according to an ionic 
mechanism; first a sulfonium halide is formed which splits off hydrogen 
halide (see section VI1.A). Dimethyl thioethcr is chlorinated mainly to 
CH,ClSCH, with the calculated amount of thc chlorinating agent. In  
the further chlorination substitution takes place at the same carbon 
atom, CHCl,SCH, and CC13SCH3 being subsequently formed. The 
explanation given foi this phenomenon is that the --I efiect of halogen 
substituents facilitates the introduction of a further halogen l7I. 

Only onc bromine atom can be introduced into dimethyl thio- 
ether 175. Possibly steric hindrance plays a role. 

The halogenation of ethers is accelerated by ultraviolet irradiation, 
which suggests that a radical mechanism is involved lZ9. The reaction is 
rather unspecific and yields a mixture of different halogenated ethers. 
In contrast to the thioethers the a-halo ethers are halogenated on the 
a'-carbon atom before a second h.ydrogen on the a-carbon atom is 
substituted. There arc only a few reports of clean-cut halogenation of 
ethers. Dimethyl ether for instance can be chlorinated to CH2C10CH3 
and CH,ClOCH,Cl, while diethyl ether is converted into 
(CH,CHCl),O a t  - 30" with chlorine. At rooni temperature the 
p-hydrogen atoms are also substitutcd. Probably the a-chloro ether 
primarily formed splits off hydrogen halide, whercupon the resulting 
vinyl ether adds halogen (reaction 177). The easy formation of a$- 

-a- - H+ 
R'CH2CH20R2 + CI2 - > R'CH2CHCIOR' - > R~CH,?HOR~ --+ 

L I Z  
R'CH=CHOR" d R'CHCICHCIOR' (177) 

dibromo ethers from bromine and a-chloro ethers (a reaction which 
also proceeds with a-chloro thioethers) is in concordance with this 
mechanism (reaction 178). 

(X = 0 or S) 
R1CH2CHCIXR2 + 3r2 A R1CHBrCHBrXR2 + HCI ( 178) 

C. Reaction of Dichlorocarbene with Unsaturated Thioethers 
Unsaturated ethers and thioethers, including cyclic compounds in 

which the heteroatom is conjugated with a double bond, give the ex- 
pected adducts with dichlorocarbene (: CC1,) in good yields 167, when 
the latter is produced from ethyl trichloroacetatc and from sodium 
methoxide or from sodium trichloroacetate. When it is generated from 
chloroform and potassium t-butoxide, the yields of the adducts are con- 
siderably lower (reaction 179) 17'. 
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0 ____t Inert solvent mi 

CI 
X X 

(X=O or S) 

A marked differecce in the course of the reacticn with dichloro- 
carbene is observed between allylic ethers and thioethers : the former 
give the normal adduct in high yields, as is illustrated by reaction 
(1SO)178. In the case of the sulfur analogs maiiily two different 

CI 

products are formed in a considerabiy lower total yield (reaction 
181) 179. 

CHClz 
I 

Mesomeric anions may occur as intermediates (compare with 
section 1l.C) (reaction 182). 

a] CH,OH :‘‘I2 t 11 + 12 (182) 

2,5-Dihydrofuran gives the expected adduct as well as an abnormal 
product with dichlorocarbene 180. The ratio of these products depends, 
as in the reaction just mentioned, on the source of dichlcrocarbene. I n  
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the case of ethyl trichloroacetate and sodium inethoxide the quantity 
of the normal product is higher than when sodium trichloroacetate is 
employed (reaction 133). Noncyclic ally1 thiocthers react in a different 

way with dichlorocarbene; a mixture of two compounds is obtained in 
good yield (reaction 184) 164. lel. 

RSCHaCH=CHZ +- :CCI, ----+ RSC=CH-CH=CH2 + RSC=CHCHCHS 

CI 

(184) 
I CI CI 

I 

A weli-defined mechanism fbr rhe formation of these prodacts is not 

known. Ylides ((CH2=CHCH2) (R)S-&l,) are possible inter- 
mediates. When the double bond is separated from the alkylthio group 
by two methylene groups, the normal adduct is produced, but only in 
low yield (reaction 185). 

f 

CI CI 
'@ 
/' \ 

RSCHZCH2CH=CH2 + :CCIz ----+ RSCHCCHCCH-CHZ (185) 

The presence of saturated thioethers has been shown to inhibit the 
formation of 7,7-dichloronorcarane from cyclohexene and dichloro- 
carbene. In  the same way the reaction of the double bond in 
RSCH2CH2CH=CH2 with dichlorocarbene can be suppressed by the 
presence of the saturated system (RSCH2CH2-) ; nothing is known 
about the nature of this inhibiting effect. 

D. Scme Therrnic Recxtfens of Thioethers 
Contrary to the 1-alkynyl ethers (R1C=COR2 where R1, R2 = 

alkyl), the sulfur analogs are rather stable towards hezting at elevated 
temperatures. 

The I-alkynyl ethers possessing at least one /I-hydrogen atom in the 
saturated part of the molecule, e.g. RC=COCH2CH3, undergo a 
pyrolytic cleavage with elimination of an alkene, c.g. ethene, when 
heated at  100-1 50". The interlnediate ketene immediately reacts with 
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the starting material to produce a cyclobutenone derivative 51, e.g. 
reaction (186). 

R-C=C RCH-C=O 

-\* -CpH,+ RCH=C=O RC=COC,H, + CZHSO-C=C-R I I  (186) 
H2C .3 -CH2 2 
Alkynyl thioethers (RC=CSC2H5) can be heated to 200" without 

decomposition. The acetylenic thioethers (HC=CSC,H, and 
HC=CS-t-C,H,), other conipounds have not yet been investigated, 
split off gaseous products on heating; these products consist mainly of 
a mixture of ethene and ethyne and isobutene, respectively. Thiophen 
derivatives are obtained in moderate yieldsfa2. The mechanism of this 
deconiposition has not yet been irrvestignted, but thc thiophens may be 
formed from thioketene (CH2=C=S), which is reported to be formed 
from ethylthioethyne at  500" under reduced pressure (reactions 187 
and 188) Ia3. 

A well-known thermal isomerization is the Claisen rearrangement 
of ally1 aryl ethers, which proceeds when the ether is heated at  about 
200". The o-allylphenol is obtained in good yields. 

The same reaction is observed with the thioethers, but the conver- 
sion proceeds more slowly and results in low yields of the o-ally1 
thiophenol Ia5, e.g. reaction (1 89). 

CH3 



13. Tliioetliers; Differences and llnalogies with Ethers 607 

Refluxing of phenyl allyl thioether for several hours in the presence 
of quinoline produces a mixture of two products (13 and 14), which are 
thought to have the o-ally1 thicphenol as a precursor. Part of the 
phenyl allyl thioether possibly isomerizes under the catalytic in- 
fluence of quinoline into phenyl propenyl thioether (compare section 
1I.C) , which polymerizes under the drastic reaction conditions. 
Scheme 5 may serve to explain the formation of 13 and 141E6. 

CH2 CH3 

CH2 Prototropic 
I 
11 - Polymers ,::: iromerizafion 

Qs,:H2 S 

1 

E. Reaction of Acetylenic Phioethers under Mannich Conditions 
Acetylenic ethers (HC=COR) and the corresponding thioethers 

show a strong difference in their reactions with a mixture of a secondary 
amine and formaldehyde. Ethylthioethyne gives the expected con- 
densation product in an excellent yield (reaction 190) lE3. 

// 
0 

HCECSCZH:, + HN(C2Hs)Z + HC -----+ (CZH.=,)ZNCHZCiKSC2Hs + HZ0 (190) 

‘ti 

Ethoxyacetylene does not yield the Mannich product, but rather a 
p-dialkylamino ester, probably formed by addition of the hydrate of 
dialkylaminomethanol to the triple bond. Compounds in which the 
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ethynyl hydrogen atom is replaced by a carbinoi function react in a 
similar way under Man.nich conditions (reactions 191 and 192) 61. 

HCrCOCzH, + (CzH&NCHzOH. HzO -> (CzH,)zNCH,CHzCOOCzH5 (191) 

CHZN(C2HIL 

(192) 

A real Mannich reaction requires the presence of a sufficiently 
active acidic C-H group. Because of the strong polarization in ethoxy- 
acetylene’ (see section 1II.A) the /3-carbon atom is negatively charged 
so that abstraction of the ethynyl hydrogen atom linked to this carbon 
will not take place easily under the reaction conditions, so that different 
reactions will occur. 

I n  ethylthioethyne the shift of charge is small, so that its behavior 
will be similar to that of alkynes. 

CH3CH(OH)C=COCZHS + (CZHJZNCHZOH + CH,CH(OH) c H-COOCZH; 

F. Rearrmgements and Eliminations with Benzyl Thioethers 
Benzyl ethers can undergo a Stevens 1,2-shift on treatment with 

strong bases such as alkali amides, alkyl- or aryllithium compounds, 
but elimination reactions are also observed, especially in the reaction 
with alkali amides. The reaction possibilities are summarized in 
equations (193) to (195) lE7. lee. 

Li OLi 
RaLi I I 

CBH5CHzOR’ + CaHGCHOR’ CoH5CHR’ (193) 
ether 

(R’ = benzyl o r  alkyl, R2 = aryl or  alkyl) 

0- 
KNH, I ,2-%hift I 

CGH5CH20CH&H5 ---+ C - C6HsCHCHzCoH5 

0 

ether or 

// 
CGHSC + CGHStH, 

\H 
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K N H 2  - I ,2-€limination 
C6HsCH10-CHZ-CH3 - t C,j,HsCH~O-CH2CH~ --> 

C6HGCH2b 4- CH1=CH, (195) 

With diallyl ether and with its sulfur analog l,2-shifts can also occur 
in the latter as a side-reaction in the prototropic conversion into di- 
propenyl thioether (reaction 196) (compare section I1.C). With benzyl 

CH2=CH-CH-CH,CH=CH, (196) 
I 

X -  
(X=O or S) 

thioethers both the rcarrangement and the elimination proceed in a 
different wa-y (reactions 197 and 198) la9. 

C6H5 

‘CHS - 

&CHs (197) 
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On  heating with potassium t-butoxide in dimethyl sulfoxide, hydro- 
gen sulfide is eliminated from dibenzyl thioethsr and stilbene is 
obtained in moderate yields; the mechanism shown by reaction (199) 
is proposed1g0. 

VI I I. RE FE RE f.3 CES 
1. G. Cilento, Chem. Rev., 60, 147-167 (1960). 
2. C. R. Hauser, C. F. Rauser and P. J, Hamrick,. Org. Chem., 24,397 (1959). 
3. K. Shishido, Y. Kazama, E. Kodama and H. h'ozaki, J .  Am. Chem. SOC., 

81, 5817 (1959). 
4. J. R. Nooi and J. F. Arens, Rec. Trav. Chtm., 86, 244 (1961). 
5. H. 0. House, Modern Synthelic Reaclionr, W. A. Benjamin, New York, 1965. 
6. H. Gilman and F. J. Webb, J .  Am. Chem. SOC., 71, 4062 (!949). 
7. H. Gilman and F. J. Webb, J .  Am. Chem. SOC., 62, 987 (1940). 
8. V. Baliah and R. Varadachari, J .  Indiaiz Chmz. SOC., 31, 666 (1954). 
9. A. Froling and J. F. Arens, Rec. Trau. Chim., 81, 1009 (1562). 

10. M'. E. Truce and F. E. Roberts, J .  Org. Chem., 28, 96: (1963). 
i 1. J. Xiye, R. P. Baycr and G. G. Hammer, J.  Am. Chem. SOC., 84, 1751 (1962). 
12. L. Brandsma, unpublished results. 
13. R. J. S. Beer and R. A. Slater, J.  Chem. SOC., 4069 '~1964). 
14. h.1. H. Durand, Bull. SOC. Clrim. Fsonce, 2396 (1961). 
15. L. Brandsma, unpublished results. 
16. L. Brandsma, H. E. Wijers and J. F. Arens, Rec. Trav. Chim., 82,  1040 

17. P. P. hlontijn and L. Brandsma, Rec. Trau. Chim., 83,456 (1964). 
18. L. Brandsma, C. Jonker and M. 13. Berg, Rec. Tmv .  Chinz., 84, 560 (1965). 
19. I,. Erandsna, H. E. Wijers and J. F. Arens, Rec. Trau. Chim., 81,583 (1962). 
20. L. Brandsma, H. E. Wijers arid C. Jonkcr, Rec. TT-av. Chim., 83,208 (1964). 
21. J. J. van Daalen, A. Kraak and J. F. Arens, Rec. Trav. C?iim, 80,810 (1961). 
22. H. E. Wijers and L. Brandsnia, unpublished results. 
23. L. Brandsma, P. P. Montijn a d  J. Iz. Arens, Rec. Trau. Chim., 82, 1015 

24. P. P. Montijn, H. M. Schmidt, J. H. van Boom, H. J. T. Bos, L. Brandsma 

25. T. F. Doumani, Chem. Abstr., 12669a (1954). 
26. H. C. Volger and J. F. Arens, Rec. Trav. Chim., 76,  847 (1957); E. Roth- 

27. L. Brandema, unpublished results. 
28. C. C. Price and J. S. Vittimberga, J .  Org. Chem., 27, 3736 (1962). 

(1963). 

(1 963). 

2nd J. F. Arens, Rec. Trav. Chim., 84, 271 ( 1965). 

stein, J .  Chem. SOC., 1550 (1 940). 



13. Thioethers; Differences and Analogies with Ethers 61 1 

29. H. J. Boonstra and J. F. Arens, Rec. Trav. Chitn., 79, 882 (1360). 
30. W. E. Parham and P. L. Stright, J. Am. Chcm. SOC., 78, 4783 (1956). 
31. W. E. Parham, R. F. Mottcr and G. L. Mayo, J. Am. Chern. SOC., 81, 3386 

32. J. H. van Boom, P. P. Montijn, hl. H. Bcrg, L. Brandsma and J. F. Arens, 

33. L. Brandsma, unpublished results. 
34. L. Brandsina and J. H. van Boom, unpublished results. 
35. L. Brandsma and M. H. Berg, unpublished results. 
36. D. S. Tarbell and W. E. Lovett, J. Am. Chem. SOC., 78, 2254 (1956). 
37. D. S. Tarbeil and M. A. McCall, J. Am. Chem. SOC., 74, 48 (1952). 
38. C. C. Price and W. H.  Snyder, J .  Org. Chem., 27,4639 ( 1  962). 
39. T. J. Prosser, J. Am. Chem. SOC., 83, 1701, 1773 (1961). 
40. S. Oae, A. Choro and W. Tagaki, Chetn. Ind. (London), 304 (1962). 
41. E. Rothstein, J. Chern. SOC., 1558 (1940). 
42. G. Pourcelot, P. Cadiot and A. Willemart, Corn/!. Rend., 252, 1630 (1961). 
43. G. Pourcelot, hl. Lequan, M. P. Simonnin and P. Cadiot, Bull. SOC. Chim. 

44. G. Pourcelot, Compt. Rend., 360, 2847 (1965). 
45. P. P. Montijn and L. Brandsma, unpublished resuits. 
46. J. H. van Boom and L. Brandsma, unpublished results. 
47. R. B. Woodward and R. H. Eastman, J. Am. Chem. SOC., 68, 2229 (1946). 
48. W. H. Brehm and T. Levenson, J. Am. Chem. SOC., 76, 5389 (1954). 
49. H. Stobbe, G. Ljungren and J. Freyberg, Chem. Ber., 59, 265 (1936). 
50. V. Baliah and R. Varadachari, Chem. Abstr., 49, 3076 (1955). 
51. J. F. Arens in Adgances in Organic Chemislry, Vol. I1 (Eds. R. A. Raphael, E. 

C. Taylor and H. Wynberg), Interscience Publishers, New York, 1960. 
52. T. L. Jacobs, h. Cramcr and J. E. Hanson, J. Am. Chem. SOC., 64, 223 

(1942). 
53. A. E. Favorskii and M. N. Shchukina, Chem. Abslr., 40, 4657 (1946); 

Zh. Obshch. Khim., 15, 394 (1945). 
54. M. N. Shchukina, Zh. Obshch. Khim., 18, 1350 (1948). 
55. G. Eglington, E. R. H. Jones, B. L. Shaw and M. C. Whiting, J. Chem. SOC., 

56. T. L. Jacobs, R. Cramer and F. T. Weiss, J. Am. Chcm. SOC., 62, 1849 (1940). 
57. J. Ficini, Bull. SOC. Chirn. France, 1367 (1954). 
58. H. C. Volger and J .  F. Arens, Rec. Trav. Chirn., 77, 1 170 ( 1958). 
59. H. J. Boonstra, L. Brandsma, A. M. Wiegman and J. F. Arens, Rec. Trav. 

60. W. Drenth and H. Hogevecn, Rec. Trav. Chim., 79, 1002 (1960). 
61. W. Drenth in Chemistry of Organic S u l f k  Comboutids, Vol. I1 (Ed. N. 

62. L. Brandsma and J. F. Arens, Rec. Trav. Chim., 81, 540 (1962). 
63. G. L. Hekkert and W. Drenth, Rec. Trav. Chim., 80, 1285 (1961). 
64. J. F. Arens, H. C. Volger, T. Doornbos, J. Bonnema, J. W. Greidanus and 

65. J. F. Arens, A. C. Hcrmans and J. F. Sperna Weiland, Proc. Koninkl. Ned. 

66. J. F. Arens and T. Doornbos, Rec. Trav. Chim., 75, 482 (1956). 

(1 959). 

Rec. Trav. Chim., 84,  813 (1965). 

France, 12 78  (1 962). 

1860 (1954). 

Chim., 78, 252 (1959). 

Kharash), Pergamon Press, New York, in press. 

J. H. van den Hende, Rec. Trav. Chim., 75 ,  1459 (1956). 

Akad. TVctenrchap., B58, 78 ( 1955). 



612 L. Brandsma and J. F. Arens 

67. L. Brandsma, unpublished results. 
68. M. F. Shostakovskii and A. W. Bogdanova, Chem. Abstr., 42, 4519 (1948). 
69. M. F. Shostakovskii, E. N. Prilezhaeva and N. I. Uvarava, Chem. Abstr., 

70. M. F. Shostakovskii, E. N. Prilezhaeva and E. S .  Shapiro, Chem. Abstr., 48, 

7 i .  Mi. E. Paiham, I. Gordon and J. D. Swalen, J .  Am. Chem. SOC., 74, 1824 

72. M. F. Shostakovskii and A. W. Bogdanova, Zh. Obshch. Khitn., 17, 557 

73. H. Vieregge, H. J. T. Bos and J. F. Areris, Rec. 7iav .  Chim., 78, 664 (1959). 
74. L. B. Bos and J. F. Arens, Rec. Trau. Chim., 82, 157, 339 (1963). 
75. W. E. Parham and R. F. Motter, J .  Am. Chetn. SOC., 81, 2146 (1959). 
76. C. M. Hill, R. h4. Prigmore. and G. J. Moore, J .  Am. Chem. SOC., 77, 352 

77. H. J. Alkema andJ. F. Arens, Rcc. Trav. Chim., 79, 1257 (1960). 
78. W. E. Trucc, H. E. Hill and M. R4. Boudakian, J .  Am. Chem. SOC., 78, 2760 

79. E. Angelctti, F. Montanari and A. Negrini, Gazr. Chim. Ital., 87, 1 1  15 

80. W. E. Truce, M. M. Boudakian, R. F. Heine and R. J. McManimie, J. 

81. Th. R. Rix and J. F. Arens, Proc. Koniiikl. Ned. Akad. Wetenschap., 56, 364 

82. A. J. Birch, Quart. Rev (London), 4, 69 (1950). 
83. J. van Schooten, J. Knotnerus, H. Boer and P. M. Duinker, Rec. Trav. 

84. W. E. Truce and J. J. Brciter, J. .hz. C h i .  SOL, 81, 1621 (1962). 
85. G. Gerdil and E. A. C .  Lucken, J.  Cfum. SOC., 2857 (1963). 
86. R. L. Burwell, Chem. Rev., 54, 672 (1954). 
87. W. E. Truce, D. P. Tate and D. N. Burdge, J.  Am. Chem. SOC., 82, 2872 

88. R. L. Letsinger and J. G. Traynliam, J.  A m .  Chem. SOC., 70, 3342 (1948). 
89. H. Gilman and H. A. McNinch, J .  Org. Chem., 26, 3723 (1961). 
90. D. S. Tarbell and D. P. Harnish, C h m .  Rev. (Lotidon), 49, 1 (1951). 
91. J. P. Greenstein and M. Winitz, Chemistry of the ilrniizo Acids, Vol. XI, John 

92. V. Du Vigneaud and G. L. Miller, J. Biol. Chem., 116, 469 (1936). 
93. W. E. Truce and J. J. Breiter, J .  A m .  Chem. SOC., 84, 1623 ( 1  962). 
94. C:. R. Pettit and E. E. van Tamelen, Org. Reactions, 12, 356 (1962). 
35. 13. Hauptmann and M'. F. Walter, Chem. Rev., 62, 347 (1962). 
96. R. Mozingo, D. E. Wolf, S. A. Harris and K. Folkers, J .  Am. Cirenz. SOC., 

97. Hans Wijnberg and A. E. de Groot, Chern. Conzm., 1, 171 (1965). 
98. J. F. Arens, Rec. Trav. Chin. ,  83, 83 (1963). 
99. L. Brandsma, Rec. Trav. Chim., 83, 307 (1964). 

49, 9483 (1955). 

9311 (1954). 

(1952). 

(1 947). 

(1 955). 

(1956). 

(1 957). 

Am. Chem. SOC., 78, 2743 (1956). 

(1953). 

Chim., 77, 935 (1958). 

(1960). 

Wiley and Sons, New.York, 1961, p. 1241. 

65, 1013 (1943). 

100. A Schaap, L. Brandsma and J. F. Arms, to be publishcd. 
101. J. H. van Boom, L. Brandsma and J. F. Arens, to be published. 
102. G .  A. Wildschut and J. F. Arens, unpublished results. 



13. Thioethers; Diffcrenccs and Analogies with Ethers 613 

103. 0. FOSS, ‘Jonic scission of the S-S bond’ in Organic Chemisty of Suljiir 

104. J. R. Mooi and J. F. Arens, Rec. Trav. Chim., 81, 533 (1962). 
105. G. K. Hughes and E. 0. P. Thompson, Nufure, 164, 365 (1919). 
106. H. Simonis and P. Kemmert, Chcrn. BEY., 47, 269 (1914). 
107. A. Liittringhaus, G. Wagner von Saaf, E. Sucker and G. Borth, Ann. Chertz., 

108. A. Liittringhaus, G. Saaf and K. Hauschild, Chem. Ber., 71, 1673 (1938). 
109. G. Gamboni and H. Schinz, Helo. Chim. Acta, 41, 1603 (1958). 
110. A. L. Kranzfelder and R. Vogt, J .  Am. Chem. SOC., 60, 1714 (1938). 
11 1. E. E. Reid, Organic Chemistry o f  Bivalent SuCfur, Part 111, Chemical Publish- 

ing Co., New York, 1960, p. 332; compare also: M. F. Shotakovskii, M. 
R. Kulibekov and A. K. Cjorban, J. Gen. Chem. USSR, 34, 2870 (1964). 

112. W. E. Parham, M. A. Kalnins and D. R. Theissen, J .  Org. Chm. ,  27, 2698 
(1962). 

113. C. M. Hill, G. W. Senter, L. Hayncs and M. E. Hill, J.  Am. Chem. SOC., 76, 
4538 (1954). 

114.. P. P. Montijn, E. Harryvan and L. Brandsma, Rec. Trav. Chim., 83, 1212 
(1964). 

115. L. Brandsma and J. F. Arcns, unpublished results. 
116. G. K. Hughes and E. 0. P. Thompson, J .  Proc. Roy. SOC. N. S. Wales,  83, 

269 (1959). 
117. C. &I. Suter and H. L. Hansen, J. Am. Chem. SOC., 54, 4100 (1932). 
118. W. I. Patterson and J. V. Karabinos, Cfiem. Abstr., 40, 4484 (1946). 
1 19. J. Gierer and B. Alfredsson, Chem. Ber., 90, 1240 (1957). 
120. J. H. van Boom and L. Brandsma, to be published. 
121. B. Holmberg, J. Pr. [2] 135, 57 (1932). 
122. R. A. Baxter, G. T. Newbold and F. S. Spring, J.  Chem. SOC., 370 (1947). 
123. F. Mreygand and EI. J. Bestmann, Chem. Ber., 90, 1230 (1957). 
124. H. Bohme and H. J. Gran, Ann. Chem., 577, 68 (1952). 
i25. D. S. Tarbell and D. P. Harnish, Chem. Rev., 48, 71 (1951). 
126. E. L. Gustus and P. G. Stevens, J .  Am. Chem. SOL, 55, 378 (1933). 
127. H. Bohme and J- Roehz, Ann. Chem., 648, 21 (1961). 
128. C. C. Price and S. Oae, SuCfur Bonding, The Ronald Press Comp., New 

129. H. Cross and E. Hoft, Z. Chem., 4 [l 11, 401 (1964). 
130. L. Summers, Chem. Rev., 55,  301 (1955). 
131. H. Baganz, Angew. Chem., 71, 366 (1959). 
132. H. Baganz and L. Domaschkc, Arigew. Chem., 74, 144 (1962). 
133. L. Jirousek and J. V. Kostir, Chern. B h t r . ,  45, 542 (1951); L. Brandsma, 

134. 3. H. van Boom and L. Brandsma, to be published. 
135. L. Brandsma, unpublished results. 
136. J. Strating, 3. H. Keijer, E. Molcnaar and L. Brandsma, Angew. Chem., 

Intcrn. Ed. Engl., 399 (1 962). Compare also : L. Brandsma and J. F. Arens, 
Rec. Trav.  Chirn., 81, 33 (1961). 

Compounds (Ed. N. Kharash), Pcrgamon Press, Ncw York, 1961, p. 83. 

557, 62 (1945). 

York, 1962, p. 9. 

unpublished. 

137. U. Schollkopf and G. J. Lelimann, Tetrahedron Lefters, 165 (1962). 
138. G. C. Harryson and H. Diehl, Org. Syn., Coll. Vol. 111, John Wiley and 

Sons, New York, 19.55, p. 370. 



614 

139. 
140. 
141. 

142. 
143. 

144. 

145. 
146. 
147. 
148. 

149. 

150. 

151. 

152. 
153. 

154. 
155. 
156. 
157. 
158. 

159. 

160. 
161. 

162. 
163. 
164. 
165. 
166. 

167. 

168. 

169. 
170. 

L. Brandsma and J. F. Arens 

L. Brandsma, unpublished results. 
K. D. Gundermann, Angew. Chent., 75 ,  1195 (1963). 
F. P. Richter, F. B. Augustin, E. Koft and E. E. Reid, J. Am. Chem. Scc., 
74, 4076 (19.52). 
C. S. Marvel and E. D. Weil, J .  Am. Chem. Soc., 76, 63 (19543. 
C. D. Anderson, L. Goodman and B. R. Baker, .I. Am. Chem. SOG., 81, 3967 
(1959). 
L. I. Zakharkin, Bull. Acad. Sci. USSR, Div. Chcm. Sci. (C.B. Trans].) 414 

A. Dcndoni, G. Modena und G. Scorrano, Chem. Absfr., 61, 10613 (1964). 
L. Brandsma and J. F. Arens, Rec. Trav.  Chinz., 80, 241 (1961). 
L. Brandsma, unpublished results. 
E. E. Reid, Organic Chemistry of Bivalent Sulfur, Part 11, Chemical Publish- 
ing Co., New York, 1960, p. 231, 232 and 272 and references. 
Houben-Weil, Sauerslo~uerbiiidungcn, Teil 3 (1 965) : H. Meerwein, Oxonium- 
salze. 
E. E. Reid, Organic Chetnisfsy ofBiuafent Sulfur, Vols. I1 and 111, Chemical 
Publishing Co., New York, 1960. 
Houben--\Veil, Methoden der organischen Chcmie, Schwefel-, Selen- und 
Teilurverbindungen. 
H. J. Boonstra and L. Brandsma, unpublished resalts. 
F. Challenger, Aspects of  the Organic Chemistry qf Sdjhur, Butterworths, 
London, 1959, pp. 1-32. 
S. H. Hastings, Anal. Chem., 25, 420 (1953). 
F. Feigl and A. Bonoli, Monatsh. Chetlr., 53,  508 (1929). 
C. S. Gibson and W. J. Pope, J .  Chem. SOL, 117, 271 (1920). 
L. Brandsma, unpublished results. 
H. Brintzinger, K. Pfannstiel and H. Vogel, 2. Anorg. Allgem. Chem., 256, 
75 (1948). 
E. E. Reid, O r p n i c  Chemisfry ofBivufctrt Sulfiir, Vol. 11, Chemical Publishing 
Co., New York, 1960, pp. 51 and 52. 
C. I<. Ingold and J. A. Jessop, J .  Chem. Soc., 713 (1930). 
A. W. Johnson, V. J. Hruby and J. L. Williams, J. Am. Chern. SOC., 86, 918 
( I  964) and references mentioned therein. 
H. Hellmann and D. Eberle, Ann., 662, 188 (1963). 
V. Franzen, H. I. Joschek and C. Mertz, Ann. Chem., 654, 82 (1962). 
W. E. Parham and S. H. Groen, J. Org. Chem., 29, 2214 (1964). 
S. Bezzi and P. Lanza, Gazz. Chim. Ital., 80, 180 (1950). 
E. E. Reid, Organic Chemisfry of Bivalent Suljiur, Vol. 11, Chemical Publishing 
Co., New York, 1960, pp. 52-60 and references mentioned therein. 
D. Barnard, L. Bateman and J. I. Cunneen in Organic Chemistry of  Sulfur 
Compounds (Ed. N. Kharash), Vol. I, Pergamon Press, New York, 1961, 
p. 229. 
H. H. Szmant in Organic Chemisfry of Suljlur Conzpoiinds (Ed. N. Kharash), 
Vol. I, Pergamon Press, New York, 1961, p. 154. 
H. BBhnle, H. Fischer and R. Frank, Ann. Chem., 563, 54 (1949). 
F. G. Bordwell and B. M. Pitt, J .  Am. Chem. SOC., 77. 572 (1955). 

( 1959). 

, .  
171. W. E. Truce, G. H. Birum and E. T. McBee, J .  Am. Chek. Soc.; 74, 3594 

(1 952). 



13. Thioethers; Differences and Analogies with Ethers 615 

172. N. Khawash and R. 13. Langford, J. Org. Chem., 28, 1903 (1963). 
173. H. Bohmc and H. J. Grau, Ann. G e m . ,  877, 68 (1952); 581, 137 (1951). 
174. F. G. Mann and W. J. Pope, J. Chem. SOC., 1172 (1923). 
175. F. Bobcrg, G. Winter and G. R. Schultze, Chm. Ber., 89, 1160 (1956). 
1?6. E. E. Schweizcr and W. E. Parham, J. Am. Chem. SOC., 82, 4085 (1960); 

M'. E. Parham, R. W. Socder ac3 R. hl.  Dodson, J. Am. Chem. SOC., 87, 321 
(1965); 1%'. E. Parhain, L. Christcnser, S. H. Groen and R. hl. Dodson, 
J. Org. Chem., 29, 2211 (1964). 

177. E. P. Prilezhaeva, N. P. Pctukhova and M. F. Shostakovskii, Client. Abstr., 
57, 13632 (1962). 

178. W. E. Parham and L. D. Huestis, J. Am. Chem. SOC., 84, 813 (1962). 
179. W. E. Pa.rham and E. Koncos, J. Am. Chcrn. SOC.? 83, 4034 (1961). 
180. J. C. Anderson and C. 13. Rccse, Chenz. Itid. (London), 575 (i963). 
181. \Y. E. Parham and S. H. Grocn, J .  Oq. Chem., 30, 728 (1 965). 
182. H. J. Boonstra and J. F. Arens, Rec. Trav. Chim., 79, 866 (1960). 
183. E. G. Howard, U.S. Pat., 3,035,030 (1962). 
184. D. S. Tarbell, The Cloisen Rearrangement in Organic Reacfiom, Vol. I T ,  John 

Wiley and Sons, New York, 1946, p. 1. 
185. C. D. Hurd and H. Greengard, J. Bin. Chem. Soc., 52, 3356 (1930). 
186. S. Y. Meyers, C. Rinaldi and L. Ronoli, J. Org. Chem., 38, 2440 (1363). 
187. C. R. Hauscr and S. W. Kantor, J. Am. Chem. SOC., 73, 14.37 (1951). 
188. P. T. Lansbury and V. A. Pattison, J. Orp. Chem., 27, 1933 (1962). 
189. C. R. Hauser, S. W'. Kantor and W. R. Braser, J. Am. Chem. SOC., 75, 2660 

190. T. J. Wa!lace, H. Pobiner, J. E. Hofmann and A. Schricshcirn, Proc. Chem. 
(1;53). 

SOC., 137 (1963). 



Rearrangements of ethers 

D. L. DALRYMPLE, T. L. KRUGER, and W. N. WHITE 
Utziirersi~ of L’ernzont, US. A .  

I. INTRODUCTfON . 
IT. THE WITTIC REARRANGEMENT . 

A. lntroduction . 
B. The  Mechanism of the Reaction . 
C. Miscellaneous Wittig-type Rearrangements . 
D. Synthetic Utility of thc Wittig Rearrangement. 

A. Introduction . 
B. Studies of the Mechanism . 
A. introduction . 
B. The  Mechanism of the Reaction . 

111. ACID-CATALYZED ETHER REARRANGEMENTS . 

Iv. THE CLAlSEN REARRANGEhlENT . 

1. The intermediate . 
2. The  cyclic nature of the rcarrangcment 
3. The nature of the transition state . 

. 
C. Abnormal Products of the Claisen Rearrangerncnt . 
D. Miscellaneous Claisen-like Rearrangements . 
E. Synthetic Applications of the Claisen Rearrangement 

V. OTHER THERMAL REARRANGEMENTS . 
VI. REFERENCES . 

617 
618 
618 
619 
62 7 
62 8 
62 8 
628 
629 
635 
635 
636 
636 
64 1 
642 
646 
653 
658 
660 
663 

1. lNTRODUCBlON 
Although ethers are ordinarily classified as rather inert and unexciting 
substances chemically, certain specialized members of this class of com- 
pound undergo intriguing rearrangements under specified conditions. 
The mechanisms of these rearrangements depend on the structure of 
the ethers and the means of effecting the reaction. The products are 
usually isomeric hydroxy or carbonyl compounds and result from 
cleavage of one of the carbon-oxygen bonds. This chapter is devoted 
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to a discussion of some of the more interesting classes of ether iso- 
merizations, i.e. the base-catalyzed Wittig rearrangement, the acid- 
promoted alkyl aryl ethcr rearrangement, the thermal Claisen 
rearrangement, azd the heat or free-radical induced enol ether re- 
arrangement. 

II. T H E  WITTIG REARRANGEMENT 

A. Introduction 
The base-catalyzed rearrangement of certain ethers to the isomeric 

carbinols (equation 1) was first recognized by Wittig in 1942l. 

C,H,Li - 
CGHBCHZOR - C,H,CHOR - > C,HS-CH-OLi + (1) 

I 
(1) [ Li+ ] R 

(2) 
(R = pnenyi or meihylj 

(3) 

Schlenk and Bergmann had reported in 1928 that the reduction of 
benzophenone dimethyl ketal (4) with sodium or lithium gave 01- 

methylbenzhydrol (5 ) ,  and that similar treatment of sym-diphenoxy- 
tetraphenylethane (6) gave trityl alcohol (7) (equations 2 and 3)2. 

(C&i,),C(OMe), __f (C,H,),MeCOH (2) 
NJ. or Li 

(4) (5 )  

NJ 
(C~HS)OC-C(CSH~)Z (CsHs)3COH (3) 

C,Hs$ 0C6H5 ( 7 )  

(6) 

Wittig repeated this work in 1947 and suggested that the intermediates 
in the reductions and in the rearrangements are similar (equation 4) 3. 

R' R' C (0 R3)z R1 R2R3C6 M + 

(41 (3. 5 ,  or 7) 

(M = Na or Li) 
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An even earlier observation of a possible Wittig rearrangement war 
made by Schorigin in 1924. He reported the isolation of benzhydrol 
from the reaction of beiizyl phenyl ether with sodium". The initially 
forrned reduction product, benzyl sodium (9), may have acted as a 
base to catalyze the rearrangement of urneduced ether (equations 5 
and 6). 

2 N a  
C6H5CH20C6H5 __f C,H,CH,-Na+ + CBH,O-Na+ (5) 

(8) (9) (10) 

CsH,CH,-Na+ + CoHSCH20CeH, C,H,CH3 -i CeH,CH-Na+ (6) 
I 

(11) 
(9 1 (8 )  C&O 

(CeH,),CHO- Na+ 
(1%) 

B. The Mechanism of the Reaction 

Several facts indicate that the first step of the reaction is proton 
abstraction from the a carbon of the ether. The ethers which rearrange 
readily are those in which this proton is relatively acidic (benzyl, allyl, 
phenacyl, etc.) . Bases are required to effect the rearrangement (alkyl 
and aryl organometallics, amides (R,N-), and alkoxides have all been 
used). I n  addition kinetic studies have shown the rate of reaction to be 
first order in both ether and base '. 

The second step of the rearrangement (2 -+ 3) was studied by vary- 
ing the nature of the migrating group in 9-fluorenyl ethers (13) and 
observing the effect on the yields of fluorenols (equation 7)6. It was 
found that the ease of migration decreased in the order: benzyl, 

fluorenyl, allyl > alkyl > aryl. Of the SLY. compounds in which R was 
aryl, carbinol formation was observed only in the case when R was 
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p-nitrophenyl. Hauser and Kantor obtained similar migratory apti- 
tudes from the treatment of' benzyl ethers with potassium amide: 
benzyl, ally1 > s-butyl > methyl, ethyl, mo-pentyl, and phenyl; the 
last four in the sequencc gave no carbinols7. Curtin observed that on 
heating a-phenylphenacyl (desyl) ethers in alcoholic potassium hydr- 
oxide the yields of alcohol decreased in the order: benzhyiryl > 
benzyl > p-nitrophenyl > phcnyl = O0s9. 

These orders of reactivity would be expected if the migration step 
involved nucleophilic attack of the intermediate's anionic center on 
the migrating group's a carbon (equation 8 ) 7 .  This mechanism re- 

sembles th2.t established for the Stevens rearrangement of tetraalkyl- 
ammonium salts (e.9. equation 9) lo. The relative migratory abilities of 

(18) 

various groups are comparable in both rcarrangementslO, and it has 
been found that sulfonium salts rearrange by the Stevens mechanism 
Since it was accepted that the latter was concerted, the mechanism in 
equation (8) was assumed to be correct '. 

Wittig studied the relative rates of rearrangement of various alkali 
metal salts of phenyl benzhydryl ether. The results suggested that the 
cation was coordinated with the oxj'gen rather than the carbanion 
(equation 10) 5.  The order of reactivity '.&!as Li > Na > K, i.e. the 
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least dissociated salt rearranged fastest5- 12. I t  was also observed that 
the three salts had identical uitraviolet spectra (Amax. = 4.49 mp, E = 
3.2 x 104) indicating lack of differences in coordination at  the 
bexizhydryl chr~rnophore~. If the ylid on the right in equation (10) is 
the form which rearranges fastest, the observed rates are reasonable. 
This intermediate (20) is also more like that in the Stevens rearrange- 
ment (equation 9) supportirig. a similar mechanism for the WtGg 
rearrangement (equation 1 1). 

Li 
(C6H5),C-09 +/ (CSH5)3C-O-Li 

C6H5 

(20) (21) 

I n  1960 Stevens and coworkers published results which indicated 
that there were significant differences between the mechanisms for the 
two isomerizations 13. One observation was that both a- and y-methyl- 
allyl fluorenyl ethers gave as the major product 9-( l-buten-2-y1)-9- 
fluorenol (24) (equation 12), whereas in the Stevens rearrangement 

( 2 4  (23) 

allyl groups migrate with nearly 100% inversion in all cases1'. They 
also found that ( - )-9-fluorenyl a-phenylethyl ether (25) rearranged to 
racemic 9- (a-phenylethyl) -9-fluorenol (26) (equation 13) in ccntrast to 
the nearly complete retention of configuration observed in comparable 
Stevens rearrangements 15. Further, they noted that while benzyl 
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phenacyl ether gave products derived from Wittig rearrangement, p- 
nitrobenzyl phenacyl ether gave only p-nitrotoluene and benzoic acid. 
All of these observations suggested cleavage of the ether to a carbanion 
and a ketone rather than S,i displacement. 

The first of a series of papers by Schollkopf on the Wittig rearrange- 
ment of optically active ethers also appeared in 196016. He observed 
that reaction of benzyl or benzhydryl 5-butyl ethers with n-but$- 
lithium resulted in formation of carbinols with a large loss of opticai 
activity. The amount of retention of configuration was found to de- 
crease as the solvent polarity or temperature increased 16-18. Control 
experiments indicated that neither the ether nor the carbinol is race- 
mized under the, reaction conditions indicating that optical activity is 
lost only during rearrangement 16-19. In  these same rearrangement 
experiments appreciable quantities of 0- and p-s-butylbenzaldehyde 
were formed. These results are, like Stevens’, explicable only by a 
cleavage-recombination mechanism for the isomerization (equa- 
tion 14). 

Li+ 

J. -4 
Product wi th Product wi th 

retention inversion 

In  1957 Wittig had argued that if such an intermediate was in- 
volved in the rearrangement of phenyl benzhydryl ether (29) with 
butyliithiurn, one would expect a-kutylbenzhydrol (30) as a side- 
product5 (equation 15). Using a 2: 1 ratio of butyliithium and 29 in 
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ethyl ether none of this alcohol was observed. In  1962 Lansbury and 
Pattison removed this last objection to an intermediate such as 28 b y  
reporting that with a five-fold escess of methyllithium as base, dibenzyl 
ether gave appreciabie amounts of a-phenylethanol, along with the 
normal product, benzyl plienyl carbinol (zquation 16) 20a. They found 

the ratio of 32 to 33 decreased from- thirty-two to three as the polarity 
of the solvent increased (Table l j .  Wittig's failure to obiem:: any of 
compound 30 is reasonable as the solvent used (Et,O) is even less 
polar than any of the mixtures in Table 1. 

TAELE 1. Rearrangcrnent products of dibenzyl ether (equatian 16)20a. 

Solvent 
~~ ~~ 

% 33 %33 Ratio (32/33) 

1 : I EtZO-THFO 97 3 32 
1 : 1 Th-F-Et,N 91 9 10 

1 : 1 THF-(PVleOCH,), 75 25 3 
THF 82 18 4.5 

a THF = tetrahydrofuran. 

Lansbury and Pattison have also reported that the rearrangements 
of benzyl cylcobutyl and benzyl cyclopropyl carbinyl ethers give the 
expected carbinols (equations 17 and 18) 'Ob. The lack of 37 from the 
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reaction of 34 makes an S,i mechanism unlikely since in displacement 
reactions of cyclobutyl compounds, significant amounts of cyclopropyl 
carbinyl products are usually formedz1. The formation of 38 is ex- 
plained by the facile ring opening of the cyclopropyl carbinyl anion 
(equation 19) 2z. 

(39) (40) 

A study by Scholkopf and coworkers of the Wittig rearrangement of 
a misture of compounds 41 and 42 (equation 20) has shown that pro- 

(43) 

duct 44 contained 3-4% of the deuterium in 42 indicating only 6 8 %  
intermolecular 18. That this was observed under conditions 
which result in approximately 80% racemization of optically active 
&I8, indicates that an intimate or caged ion pair is a better representa- 
tion of the intermediates than the free ions implied in 28 of equation 

A mechanism which is consistent with all the observations has been 
proposed by Lansbury and Pattison (equation 2 1) zOa. Dissociation of 
48 into ions (49) accounts for the racemization (equation 14), cross- 
products (equation 20), and base incorporation (equation 16). Two 
of these processes have been shown to be favored by polar solvents. 
However, Lansbury and Pattison have recently suggested that the 
rearrangemcnt proceeds by cleavagc of (47) to a pair of free radicals 

(14.). 
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:I + M 
- I+  

(45) (46) (47) 

5:MC . _  
R,CH-0-CR, 7-2 R2c-O-CRJ ~e RnC-O-CR3 

62 5 

which recombine to give 5023. This has the advantage of explaining 
the inertness of benzyl 1-apocamphyl ether to conditions which readily 
rearrange benzyl t-butyl ether 20a. 

The formation of several sije-products of the reaction have been 
explained in terms of the mwhanism of equation (21). Among these 
are benzaldehyde and toluene produced during the rearrangement of 
dibenzyl ether 7 ,  and s-butylbenzaldehyde (51) formed from benzyl 
s-butyl ether (equation 22) 17, and the significant amounts of alkenes 
and benzyl alcohol (52) obtained from alkyl berlzyl ethers (equa- 
tion 23) 17m2*. 

CH=O-Li + s-Bu-  C-> + 

(49) 

The production of phenol from the treatment of benzyl phenyl ether 
with butyllithium in diethyl e:her illustrates another ~ide-reaction~~”. 
When the reaction was carried out in the presence of a large excess of 
isobutene, praducts were isolated which indicate that 0: elimination 
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54 + BuLi 

(52) 

((a) R' = H, R2 = C,H5 (reference 23); 
(b) R1 = Et,  RZ = H (reference 17)) 

occurred to form phenyl carberie (equation 24). No products from a 
Wittig rearrangement were obseived. However, the same ether (54) 
with butyllithium in tetrahydrofuran was found to give 90% yield of 
the rearrangement product, benzhydrol, and only 3% of phenol. 

Li 
BuLi I 

C0H5CH20C6H5 - Et,O C,jH5cHG-CC6Hs 
(54) (55) 

1 
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Another interesting side-reaction has been reported recently by 
ScholLkopf and R i ~ k ~ ~ ~ .  Treatrnent of benzyl 2-butynyl ether (62a) 
with butyllithium gavc, in addition to the expected l-phenyi-3- 
pentynol-1 (62b), l-(o-tolyl)-2-butynol-l (62c) (equation 24a). The 
reaction is analogous to the Sommelet rearrangement of ammonium 
salts but no mechanism was postulated. 

CHCH,C=CCH~ 

C. Miscellaneous Wittig-type Rearrangements 

In at least two instances a Wittig-type rearrangement has been 
observed with sulfides. Thus dibenzyl sulfide when treated with potas- 
sium t-butoxide in dimethylformamide gives a 45% yield of stilbene 
(equation 25) 26. Dibenzyl disulfide and dibenzyl sulfoxide also yield 
stilbene but in lower yields (1 7 and lo%, respectively). Benzyl phenyl 

t-BuO- 

DMF 
80" 

(CaH5CH)zS - > 
I 
R 

-SH- 
___f CoH5 =CC,H, (25) 

(64 

sulfide and benzyl phenyl sulfoxide were not observed to rearrange. 
Rearrangement of a mixture of 63a and 631, produced only M a  and 
64b indicating the intramolecularity of the rearrangement. 

Arens and coworkers have observed a Wittig-like rearrangement of 
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benzyl 1-butynyl ether from (65) to 1-phenyl-2-pentynol-1 (66) using 
sodium amide in liquid ammonia (equation 26) 27. 

C,H,CH,OC=CHEt -+ Nzz [ -1 NaNH, ] - z C,H,CHC=CEt (26) 

CoH,CH,OC=CEt 0- Na+ 
I 

C,H5CPOC-CEt (66) 
I 
B r  

(65) 

D. Synthetic Utility of the Wittig Rearrangement 
The Wittig rearrangement has little synthetic utility since the result- 

ing carbinols can usually be obtained by more direct methods. One 
exception may be the synthesis of phenanthrenes from biphenyls 
reported by Witdg and coworkers in 1951 (equation 27) 20. The over- 
all yield is fair (about 50%) but the method does not seem to have 
been utilized to any extent. 

C02Me 

C0,Me 
LiAIH, ~ 

Et,O 
Q- CHzOH 

CHZOH CY HBr 

C,!i(,Li 

111. ACID-CATALYZED ETHER REARRANGEMENTS 
A. Introduction 

Certain alkyl aryl ethers have been observed to rearrange to alkyl- 
phenols when treated with various Lewis acids (equation 28). The 

0-R 
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normal products are ortho- and para-alkylphenols if those pos: ytions are 
unsubstituted. Often the rearrangement is complicated by concurrent 
and/or subsequent reactions, and its course is quite dependent on the 
experimental conditions used. For these reasons it has not been studied 
as thoroughly as other ethcr rearrangements. 

Further, the reaction lacks general synthetic utility, as the products 
are usually more readily obtained by direct alkylation of the phenol by 
acid- or base-catalyzed reactions. 

5. Studies of the Mechariism 
Numerous workers have attempted to determine whether the acid- 

catalyzed rearrangement of allcyl aryl ethers is intramolecular or 
intermolecular. The results have Seen somewhat contradictory leading 
to the conclusion that in most cases it is both. Thus, both isobutyl 
phenyl ether and 1-but$ phenyl ether have been shown to rearrange 
on treatment with an equimolar amount of AlC1, to form p-t-butyl- 
phenol (equation 29) This would sceni to indicate that isobutene or 

Oeu - i 
I 

OBu-t 
I 

t-Bu 
(70) (71) (72) 

a free isobutyl group (isomerizable to a t-butyl group) is formed as an 
intermediate. 

However, a year later Sprung and Wallis reported that optically 
active s-butyl p-tolyl ether gavc optically active o-s-but$ p-cresol upon 
!ieating in a mixture of acetic and sulfuric acids (equation 30) 30. Since 

OBU-s QH 

H,SO,/HOAc> + Other products (30) 

I 
Me 

I 
Me 

(73) (74) 

a =  + 2 I 4 "  a = + 2.9" 

the specific rotations of the two compounds were not known, no 
estimate could be made of the degree of racemization. Since then Hart 
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and Elia have studied the rearrangement of optically active a-phenyl- 
ethyl zry: ethers 31, for which they determined the approximate specific 
rotations of the ethers and the phenolic p r o d ~ ~ t ~ ~ ~ .  They showed that 
in the rearrangement of the phenyl and p-tolyl ethers of cr-phenyl- 
ethanol (equations 3 1 and 32) the configuration of the a-phenylethyl 

0 - R  OH OH 

Me M e  
(78) (79) 

41% 

(R= CiisCH) 
I 

M e  

group was partially retained in the products (76% retention in 78 -> 
79). This could onIy be explained by an intramoIecular process in 
which the migrating a-phenylethyl group is not free to racemize. An 
alternative route invoking a!k;.!ztkn of the solvent, chlorobenzene, 
followed by alkylation of the phenol liberated, both steps with inver- 
sion, was ruled out on the basis of the lack of optically active alkylated 
chlorobenzenes. Further, previous work had shown that such trans- 
alkylations result in racemic products (equation 33) 33. 

In  an attempt to determine the degree of intramolecularity of the 
rearrangement, Deivar and Puttnam carried out a series of experiments 
in which the product distributions from rearrangement were compared 
with those from Friedel-Crafts alkylation of  phenol^^^-^^. In a mixture 
of acctic and sulfuric acids they observed the alkylation of phenol (84) 
with s-butyl alcohol (85) to give a mixture of products (equation 34), 
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OH OH 

in which the ratio of o- to p-s-butylphenol (87) was 0 ~ 5 5 ~ ~ .  Phenyl 
s-butyl ether (86) under the same conditions gave the same products, 
but the ratio ofortho to para isomer was increased io i-C, iiidica'iiiig S G X C  

degree of intramolecularity in the rearrangement. Changing the acid 
and solvent to AlBr, in chlorobenzene this same ether (86) gave an 
ortho- to para-product ratio of 11 36, indicating a high degree of intra- 
molecularity. Further, it was observed that the rearrangement (accom- 
panied by cleavage to phenol and butene) was essentially complete in 
one hour at 5-10" giving a total yield of s-butylphenols of 24%. A 
mixture of phenol, s-butyl bromide, and AlBr, at the same temper- 
ature produced only 4% alkylated phenol after 24 hours. The use of 
AlC1, as a catalyst in the rearrangement of the isopropyl and s-butyl 
ethers of p-cresol resulted in product ratios comparable to those in the 
Friedel-Crafts alkylation of p-cresol with the corresponding alkyl 
chloi-ides 37. 

In an early study by Gilbert and Wallis, no cross-products were 
observed when phcnyl isopropyl ether (88) andp-tolyl s-butyl ether (89) 
were rearranged together in a mixture of sulfuric and acetic acids 
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(equation 35) 33. This may have been due to lack of modern methods 
of analysis, for whcn Detvar and Puttnarrl rcpcated the experiment 

i.ie 

(90) (91) 

using p-tolyl isopropyl ether (92) and f-ethylphenyl s-butyl ether (92) 
several phenols were obtained, among them one of the cross-products 
(96) (equation 36) 35. 

h ti,so, p-MeCeHdOPr-i + p-EtC,H,OBu-s - 
HOA? 

(92) (93) 

No mechanism for the acid-catalyzed rearrangement of alkyl aryl 
ethers has met with complete acceptance. Dewar has postulated that 
the albyl group migrates as a carbonium ion complexed with the 
rn system of the phenol so as to retain its stereochemistry (equa- 
tion 37) 36. This has the advantage of explaining the increased ortho to 
gara ratio of products formed in rearrangement against alkylation but 
lacks the substantiation of precedence or analogy. Whatever the 
mechanism of the intramolecular rearrangement, it is generally accom- 
panied by intermolecular reactions involving complete cleavage of the 
ether. Further, it has been shown in certain cases that these reactions 
proceed a t  comparable rates and with apparently similar activation 
parameters 38*3s.  The latter was demonstrated by Tarbel! and 
Petropoulos by varying the temperature of the A1Br3-catalyzed re- 
arrangement and cleavage of benzyl phenyl ether (97) from -40 to 
+ 25" and observing no change in product composition (equationS8) 39. 



A X  + 
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A 
\ 

6 
R H or AK,) 
i 

A 

&‘ 
A\  

Oti 

(97) 

The acid-catalyzcd rearrangement of allyl aryl ethers has also been 
observed; and the mechanism in this case seems to involve a six- 
membered cyclic transition state similar to the thermal Claisen re- 
arrangement. Indeed, the enhanced rates of the iatter reaciion in 
acidic solvents are undoubtedly due to this competing mechanism (see 
section 1V.B). I n  the presence of strong Lewis acids these ethers re- 
arranged very rapidly even at low temperatures. Thus, allyl phenyl 
ether (100) treated with BF, at -80” gave a 73y0 yield of tris-(0- 
allylphenyl) borate ( l O l )  which was readily hydrolyzed (both MeOH 
and H 2 0  were used) to o-allylphenol (102) (equation 39) *O. In dilute 
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solutions the rearrangement gave nearly quantitative yields of 
o-allylphenol with no para or disubstituted products *l. I n  the case of 
2,6-xylyl allyl ether rn- and p-allylxylenols were formed 42. Analogous 
results were obtained with mesity141 and d ~ r y 1 ~ ~  allyl ethers. 

Schmid has shown that the allyl group migrates to the ortho position 
with inversion and to the para position without inversion4?; as in the 
Claisen rearrangcment. Migration to the meta position gave mixtures 
of both types of phenols (a06 and 107). On the basis of this evidence, 
Schmid proposed the mechanism in equation (40) 42. The mechanism 

of the migration from the ortho to the meta position (194 --f lQ6 + 107) 
is not known, however, 106 was formed in preference to 107 in the case 
of R1 = Me, R2 = 13 (ratio l06/1Q7 = 1-5) 42. 

Piers and Brown have observed that when 2,6-dichlorophenyl allyl 
ether (109, Y = Cl) was rearranged at 130-155" in the presence of 
ZnC1, the major product was 2-a!lyl-4,6-dichlorophenol(BP6) and 111) 
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(equation 41, X =Y = C1) 43.  At higher temperatures the methyl- 
couinaran (112, R = Cl) was formed in greater yield. Reactions with 

0- OH 

mixed halides (X = C1, Y = Br or X = Br, Y = Cl) at low temperatures 
(100-130") gave a preponderance of 4-bromo isomer in both cases 
indicating formation of Y + followed by subsequent electrophilic 
substitution4*. At higher temperatures (150") the two isomers were 
formed in approximately equal amounts in each reaction. The rela- 
tively high temperatures at which these last reactions were performed 
leave some doubt about the degree to which normal Ciaism ieaziaagc- 
ments and intermdecular reactions competed with the acid-catalyzed 
Claisen rearrangement. 

The above evidence suggests that the acid-catalyzed rearrangement 
of alkyl aq-1 ethers is at least in part intramolecular, but is usually 
accompanied by intermolecular reactions at comparable rates. The 
reactions often give mixtures of several products, and this is an 
additional reason why the rearrangement has little synthetic utility. 

BV. T H E  CL.APSEN REARRANG€MENT 

A. Introduction 
The thermal rearrangement of 0-ally1 enol ethers to form the isomeric 

y, &unsaturated carbonyl compounds or the corresponding enols was 
discovered and studied by Claisen in 1912 (equations 42 and 43) 45. 
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0 
A li 

RCH=CHOCH,CH=CH, - > RCHCMe 
I 

CH,CH=CH, 
1 

Me 
(R = CO, E t  , M eCO) 

OCH2CH=CH2 ~ R@H2CH=CH2 

> (43) 

(R = C02Et, OMe) 
Rxb 

Claisen suggested that this rearrangement was brought about, but not 
recognized, in an attempted synthesis of 0-allylsalicyclic acid in 1882 
by Scichilone4G, Since then these reactions have come to be known as 
the Claisen rearrangement. The reaction generally takes place with 
allvl aryl and allyl vinyl ethers. However, attempts to extend it to aryl 
vinyl, x y l  benzyl, zryl 3-proppyl, and aryl4-'outen-l-y1 ethers have 
heen largely unsuccessful 47 (compare, however, section 1V.D). 

A variaticn of the normal rearrangement of allyl aryl ethers occurs 
when the 2,6-positions in the aromatic nucleus are substituted (equa- 
tion 44). This isomerization is frequently referred to as the para-Claisen 
rearrangement. 

Previous reviews of these rearrangements have been given by 
Tarbell 48 and Rhoads 49. 

B. The Mechanism of the Reaction 
1. The intermediate 

The currently accepted mechanism of the rearrangement is essenti- 
ally that suggested by Claisen in 192550. He observed that the ther- 
molysis of aryl 3-phenylallyl ethers yielded 0- ( 1 -phenylallyl)phenols, 
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and from this result he postulated that the reaction was cyclic, intra- 
molecular, involved a dienone intermediate, and proceeded with the 
inversion of the ally1 group (equation 45, path a). Path b wa5 eli- 
minated because of the stability of intermediate 1P6b under the 
conditions of the rearrangement. 

OCH2CHzCHC6H5 

R 
(115) 

fJkH=W2 R 

H 6 5  

(116a) (l16b) 

R 

C6H5 

I I 

Conclusive evidence for the intermediacy of a dienone was obtained 
by carrying out the rearrangement in the presence of a dienophile to 
trap the generated dienone (119) as the Diels-Alder adduct (120) 
(equation 46)5'-54. 'I'herrnolysis of 1% gave the product of para- 
Claisen rearrangement of lLP8 (equation 44, R = Me) 51. 

Further evidence for the proposed structure of the intermediate has 
been obtained by several groups. Schmid observed (equation 4;') the 
formation of 30% of compound 124 and 70% of compound 125 from 
ether Intermediates 122 and 123 would lead to 25% of 124 
and 75"/0 of 125 on a statistical basis. 

Curtin found that rearrangement of either 126 or 127 gave both 128 
and 129 as products (equation 48) 5 6 * 5 7 .  For example heating 126 for 
2 minutes at 230" in diethylaniline (DEA) gave a 25% yield of the 
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0- 
I 
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(126) Av T+-y- (48) 

(128) (119) 

products (128 and 129) in a ratio of56: 44., whereas 127, under similar 
conditions, gave a product ratio of 40 : 60. In  experiments a t  higher 
temperatures or for longer periods of heating polymerization of both 
the starting material and the products became a major reaction. I t  was 
also observed that during the rearrangement of 126 significant amounts 

l25 or 129 
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of 127 were formed, and vice versa. This was explained by assuming 
the first step of the reaction to be reversible (equation 49). Marvel1 
similarly obtained two products from the rearrangement of allyl 2- 
allyl-6- (a-phenylally1)plienyl ether 68. 

I t  has also been shown that such an exchange of allyl groups can 
take place in the para position (equation 50) 6B* 60. 

-* 
0 0 

R R* 0- YR 
(132) (133) (134) 

By kinetic analysis of the conversion of 121 to 124 or 125 (eqcation 
47) Schmid calculated that the ratio of k&, at 170" is approximately 
3~0~'. This agrees well with the earlier observation that the inde- 
pendently synthesized intermediate (135) on heating to 75-100" gives 
compounds 136 and 137 in a ratio of 2-7: 1 (equation 51) 51. 

Recently it has been reported that dienone 139 is the major product 
of the thermolysis of 138 (equation 52) 62. 

(138) (139) 
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2. The cyclic nature of t h e  rearrangement 
The generality of the previously mentioned inversion process has been 

dcinonstrated by subsequcnt The CY or y carbon of the 
allyl group in the ctlier was labeled and tlie position of the label in the 
product was detcrmincd. If the original ether was (Y iabeled the pro- 
duct had the label in tlic y position if an ortho rearrangement occurred 
and in the Q: position if a j a m  isomerization tool< place (equation 53). 

In  addition, studies of the va?or-phase rearrangement of deuterium and 
carbon-14 labeled allyl vinyl ethers have shown that less than 1% of 
the total yield of 4-pentenai has the allyl group uninvcrted71. If the 
Claiseii rearrangement is intramolecular, the inversion of the ailyl 
group suggests it is a concerted cyclic process. The intramolecularity 
has been confirmed by experiments showing that added phenol is not 
alkylated during tlie reaction and that a mixture of two different ally1 
ethers does not yield cross-products during thermolysis G3* 72. 

1 i a L d l L  GI CI e iLaiidiigciiielii- IS, uy viriue of die observed 
intramolecularity and inversion, concerted and cannot involve dis- 
sociation into free radicals or an ion pair. This is supported by the 
activation parainetcrs for tlie reaction. The entropy of activation is 
large and negative. Thus, the vspor-phase rearrangement of allyl 
vinyl ether has a A S ;  of - 7.7 e.u. at 180" 73.74.  This indicates that there 
are fewer degrees of ficedom in the tnnsition state than in the initial 
state. Using hydrocarbons as models and assuming a six-membered 
cyclic transitior: state, 4s: was calculated to be - 8.1 e.u. 73. 

The volume of activation, as dcternlincd by Brower, is also relatively 
large and negative ( d V  = - 18 in!/mole), indicating that the spatial 
requirements of the transition state are less than those of the ground 
statc 7 5 .  For coinparison, the difference in molar volumes of I-hexenc 
and cyclohesane i? - 17 ml. I t  \ m s  also obsenrcd that chaiiges in 
solvent have little effect on AT/:, suggesting a relatively nonpolar 
transition state 7 5 *  76. 

- 1  1-1.- _ _  *. -_ c -21 ---..--....- 

2 1 f C.E.L. 
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3. The nature of the transition state 

Several workers have shown the existence of stereosdectiiiity in the 
fixmation of products from the Claisen rearrangemcnt of cis- or trans- 
a,y-dimethylallyl phenyl ether (equation 54) 77-81. The major product 

D. L. Dalrymple, T. L. Kruger, and W. N. White 

(143) 

(146) 

from racemic 143 or 144 was the trans isomer (145) 77.78, and the re- 
arrangement of ( +)-R-144 gave a mixture of 82% S-tram isomei (145) 
and 18% R-cis isonier (146) 80. Steric interactions in the possible 
conformations of the six-membered cyclic transition states provide an 
explanation for these results. If one considers molecular models of the 
R-trans ether (R-144, Figure l) ,  it can be seen that the least hindered 
Gr L 5- r---- luui p ~ " i k  <fi&firiiiei-s is '147. ZO& l47 a i d  256 lead to the 

(147) (1481 (149) (150) 

FIGURE 1. Conformations of R-frum-a,y-dimethylallyl phenyl ether. 

S-trms form of 145, while the less favorable forms (148 and 149) give 
the R-cis isomer of 146. Using similar arguments, trans products from 
the other three isomeric ethers (R- and S-143 and S-144) would be 
predicted. Several results in studies of aliphatic Claisen rearrangements 
can be similarly explained 77* 02-  83. 
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It has been found that cis-y-substituted allyl phenyl ethers rearrange 
nxre slowly than tkc carresponding trans isomers 8 4 *  05.  This has been 
taken to suggest that the ‘chair-like’ conformation of the transition 
state (147 and 148) is favoreds5. The argument (see Figure 2) is that if 
the ‘ boat’ conformation of the transition state is favored (151 and 152) 

(151) (152) (153) (154) 

FIGURE 2. Comparison of boat and chair conformations of transition state 
in cis- and trans-substituted allyl phenyl ethers. 

then the cis isomer (152) would be able to achieve the transition state 
conformation more easily because of smaller steric interactions and 
would rearrange more rapidly than thc trans isomer. The opposite 
would be true for the ‘chair’ conformation (1158 against 154). Since the 
trans isomers reacted faster than the cis isomers, the latter alternative 
was indicated. Further evidence in this regard was obtained from the 
rates of rearrangement of 8-substituted allyl aryl ethers (equation 55) 8e. 

(155) (1s) 
(R = ti, Me, or I -Bu:  Y = H or OMe) 

The lack of any significant decrease in rate as the size of the j? substi- 
tuent was increased was taken as evidence in support of a ‘chair’ form 
of the transition state. The argument used was similar to that above 
(Figure 3). If the ‘boat’ conformation of the transition state is favored 
one would expect a large decrease in rate with larger R groups due to 
steric repulsions in 158. Little or no such effect would be expected for 
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157) (156) 

FIGURE 3. Comparison of boat and chair conformations of transition 
statc in /I-alkyl-substituted allyl phenyl ethers. 

the 'chair' form. The data obtained are consistent with the latter 
picture. 

Recent theoretical considerations of the electronically similar Cope 
rearrangement by Woodward and Hoffinann also indicate a preference 
for the 'chair' conformation of the transition state8'. Their argument 
is based on the symmetry of possible molecular orbitals involved in the 
reaction. Experiments! studies of the Cope rearrangement had pre- 
viously led to the same conclusion88. 

Kinetic studies of the rearrangement ofpara-substituted allyl phenyl 
ethers have demonstrated that the rate is increased by electron- 
releasing s u b s t i t ~ e n t s ~ ~ * ~ ~ .  The use of u+ values in the Hammett 
equation gives the best correlation of the rate constants (7 = 0.99). 
The small negative p ( -0-689, -0.5") is comparable to the value 
observed for the Diels-Alder reaction with 1-arylbutadienes 'l. 

Substituent effects in the allyl group were studied using substituted 
cinnamyi phenyi etherss2. Again the data are best correlated by u' 
constants ( p  = -0-40, r = 0.995). 

A rate study of the rearrangement of seven nteta-substituted allyl 
phenyl ethers gave data less amenable to interpretationg3. Ortho re- 
arrangement of metu-substituted allyl phenyl ethers (159) can result in 
two isomeric products (160 and 161). The ratio of the 3- to 5-substituted 
product is generally in the range 0.3 to 4, and varies with the sub- 
stituent and possibly with the choice of teniperature and solvent 94-104. 
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The results of several s t u d i e ~ ~ ~ - ~ ~  in which yields and/or product 
ratios were deterniiried seem to indicate a lack or' significant steric 
hindrance in the formation of isomer 160; even with bulky groups in 
the meta position it may be the major product. I n  a study by White and 
Slater (X = MeO, Me, Br, C1, CN, and C,H,CO) the ratio of pro- 
ducts (16l/16Q) showed a slight tendency to incrcase as thc elcctron- 
donating ability of X decreasedg4. At present insufficient data exist to 
suggest the true nature of this effect. Indeed, there are conflicting data 
where X is Me979102.103, OH9s*104, and MeCONHg5*lo1. Many of 
these inconsistent results may be ascribed to the lack of modern methods 
of analysis, although the variance may be due in part to the differing 
reaction conditions. The rates observed for t k  zeta-substituted ally1 
pllenyl ethcrs were separated into rate coefficients f9r the formation 
of each phenolic product using the previo;lsly determinedg4 product 
ratios. Attempts were made to correlate the reaction rates of the meta- 
substituted ethers using urn, up, o:, and a; values; a,' gave the best 
line with r = 0.964. and p = O.6Gdig3. 

These corre!ations of the substituent-rate data for the 7neta- and 
para-substituted aliyl phenyl ethers and the substituted cinnamyl 
Fhenyl ethers were interpreted by the representation of the transition 
state given in Figure 493. Properly situated substituents can interact by 

(163) (165) (167) 

FIGURE 4. Suggested transition statc for the rcarrangerncnts3. 

electron donation with the centers of unpaired electron density to re- 
duce the latter. Hence the corrclation by u+ values and the observed 
negative p. 

Rates also increase slightly as the polarity of the solvent in- 
c r e a s e ~ ~ ~ * ~ ~ ~ - ~ ~ ~ .  When the rearrangement is carried out in the 
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absence of solvent, the rate increases four-fold during the course of 
the reactionlo5. This is presumably due to the increasing polarity of 
the mcdia as it changes from ether to phenol. These solvent effects 
can possibly be explained by general acid catalysis of t!x reaction 
(see section 111) or by the contribution of polar structures such as 166 
and 167 to the transition-state hybrid. 

&. Abnormal Products of the Cloisen Rearrangement 
It has been shown that the presence of an ortho substituent does not 

cause exclusive migration to the other ortiio position. The isolation of 
both ortho- and para-rearrangement products indicates that both 
dienones are formed as intermediates (equation 57) lo8* log. Marvel1 
and coworkers found that o-methyl-, o-ethyl-, o-isopropyl-, and o-t- 
butylphenyl ally1 ethers (168) rearranged to give 1’73 to 172 ratios of 

H k OH 
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5.6,9, 10, and 15, re~pectively'~~. This was explained as the result of a 
steric effect on the relative rate of formation of 169. 

The rearrangement of 2-butenyl mtolyl ether (174, R = X = Me, 
Y = H) produced, in addition to the two expected ortho isomers (175 
and 1761, a 7% yield ofp-(2-butenyl)-m-cresol (177) (equation 58) 

Similarly, 3,5-disubstituted phenyl 2-butenyl ethers (174, R = Me, 
X = Y = hk0, Me, or Etj gave both ortho and para proauctslio. As 
the size of the neta substituents increased, the relative amount of para 
isomer increased. Increasing the size of R in 174 froin methyl to phenyl 
resulted in an even greater percentage of 177. The ortho to para ratio 
was also shown to increase with the polarity of the medium. Ther- 
molysis of 175 (R = X = Me, Y = H or Me; was shown to produce 
177. No satisfactory explanation has been suggested for the solvent de- 
pendence. However, it may be due to a polar effect on the enolization 
of the dienone intermediate. 

Certain 2,4,6-trisubstituted phenyl allyl ethers have been observed 
to undergo rearrangement with displacement of either an ortho or 
para substituent. Thus 2,4,&triSromophenyl allyl ether gave a 68% 
yield of 2,4-dibromo-6-allylphenol If only the ortho positions arc 
substituted, the normal 2,6-disrtbstituted-4-allylpl1enols are obtained 
along with small amounts of 6-substituted 2-allylphenol~~'~* I12. 

Tarbell reported that in the rearrangement of ethers 178 and 180 
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carbon dioxide is the preferred leaving group as only phenols 179 and 
181 were isolated (equations 59 and 60) l12. Nothing is known about 

cl*T ’ 

the mechanism of the rearrangement when accompanied by loss of 
halogen; the reaction involves a loss of C1+, but no products resulting 
froin it have been reported. 

Isomerizations of the. normal products of the Claisen rearrangement 
have been observed in several instances. The simplest of these is the 
formation of a coumaran (equation 61)l12*l13. The ratio of the 

amounts of 154 to 183 has been shown to increase as the reaction pro- 
ceeds, aiid its formation is probably acid-catalyzed by the phenol 
present. 

Another type of product isomerization was discovered by Lauer and 
coworkers114. They observed that l-(Z-pentmyl) phenyl ether (B85a) 
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rearranged to 0-4-(2-pentenyl)phenol (187a) in addition to the ex- 
pected 0-3-(  1-pcnteny1)phenol (lS6a) (equation 62) 116*116. Similarly 

ethers 185b and 185cwere also found to give abnormal products117-119. 
Subsequent work has shown that the abnormal product (187) is 
formed from the normal product (186) by a second rearrange- 
ment120*1?1. The mechanism of this reaction has been given by 
Xarve!l and coworkers (cquation 53) 120. The methyl ether of 186a did 

not rcarrange even in the presence of addcd phenol 120: indicating the 
neccssity for the phenolic proton as shown (186). A recent study of' an 
analogous reaction gives strong support for this mechanism 122. 123. It 
was found that heating 2,2-d,-3-methyl-4-pentcnoylbenzene (189) re- 
sulted in deliterium exchange with the hydrogen atoms on the 5-carbon 
(190) and the methyl group in the 3-position (191) lZ3. The mechanism 
in equation (64) was uscd to cxplain thc rcsults and is identical to that 
proposed by hfarvell (equation 6 3 ) .  

O l *  
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HDC;J~ [ H3c&CC6H6 
H D 

H 
0’ CH2 
I I1 

lf 
0 CHzD 

(64) II I 
C6H5c, ,CH\ //CHI 

CHD CH 

(101) 

Another abnormality in the Claisen rearrangement involves the 
formation of uniqverted o-allylphenols or inverted ethers in certain 
cases. The latter ~ 4 a s  observed by Fahrni and Schmid when they heated 
y-14C-allyl mesityl ether (292) for 96 hours and found the labeling 
scrambled between the a and y positions (equation 65)12*. Several 
mechanisms were suggested for the inversion including homolysis and 

Me 

(192) 
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recombination, a series of inversions with a migration from the 2- to 
the 6-position (194 to 195, equation 66), and a four-centered inversicn 

0-* 0 

(165) (103) 

of the allyl group. The last mechanism was considered unlikely because 
of its steric requirements, the mechanism of equation (66) was shown 
to be inconsistent with the kinetics of the reaction, and an  inter- 
molecular mechanism found only slight support on the basis that 
only 5-10% crossing was observed whcn a mixture of 1S2 and allyl 
2,6-dimethylphenyl ether were heated together. 

Ortho rearrangement without inversion was reported by Marcin- 
kiewicz and coworkers in the thermolysk of crotyl fi-toco$xry! ether 
(196, equation 67)'25. Similar results were obtained with croty! 
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y-tocopheryl ether. The mechanism of equation (66) was suggested 
to esplain thc formation of 198 since again no crossover was cbserved 
during mixed rearrangement. 

Another variation of the Claisen rearrangement is the migration of 
an allyl group to an 0- or p-vinyl side-chain (equation 68) 126s Two 

possible intramolecular mechanisms were suggested for this rearrange- 
ment as shown in equation (69). Using y-14C-1abelcd 199, Schmid and 

___, 

Me 
(199) (202) (200) 

coworkers have shown that 16% of the product came from allyl group 
i n v c r s i ~ n ~ ~ ~ .  Both paths in equation (69) predict no inversion. The 
formation of inverted product was assumed to have occurred via a 
2,6-migration (equation 66). 

Migration to a p-propenyl group has been observed by Nickon and 
AaronofT in the rearrangement of allyl 2,6-dimetliyl-4-propcnylphen)ll 
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0- - M e t  

EtOH 

Me 1'1 e 
(2G3) (204) 

ether (203) (equation 70) l z 8 .  Undcr similar conditions no rearrange- 
ment of allyl 4-phen);l-2,tj-di-metliylphenyl ether was observed. 

D. Miscellaneous Claisen-like Rearrangements 
A number of ether rearranpnents appear to occur by mechanisms 

similar to that of thc Cliiisen rearrangement. One such process is the 
formation of arylacetones (207) by heating certain benzyl 2-propenyl 
ethers (205) to 240" (equation i l )  12'. Only nz-methoxy-substituted 

X 

Me0 Me 

Me0 
(207) 

((a)X = H. 50% yield of 2Ma; (b) X = Me, 80% yield of 207b) 

benzyl ethers wcre found to rearrange in this manner, the normal pro- 
ducts being 4-ai-ylbutanones (see section V) . The rearrangement of 
allyl and benzyl ketene acetals (209) also appears to proceed by a 
Claisen-type mechanism (equation 72) 2 7 *  130. 

(20s) (209) (210) 
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Benzyl 1-alkynyl ethers (211) rearrange to indanones (214) on 
heating (equation 73). The proposed mechanism1 involves a Claisen 

rearrangement of the ether to a ketene (212) which undergoes ring 
closure to give the prcduct. The reaction of propargyl alcohols (215) 
with ethyl 2-propenyl ether (216) to form 4,5-hexadiene-2-ones (218) 
can be similarly interpreted (equation 74) l3I. 

Claisen rearrangements of the ally1 ethers of heterocyclic compounds 
with only a few exceptions proceed in a normal fashion. Thus 2- 
alloxy pyridine (219s) gave both 'ortho' products (220a and 221a) in 
approximately equal yield (equation 75) 132.133. The 1-(2-butenyl) 
ether (21%) was observed to yield an additional product, 1-(2- 
butenyl)-2-pyridone (220b). The formation of the latter product was 
not explained. Similarly, 2-substituted 4-alloxypyimidines (222) have 
been shown to rearrange to the two expected pyrimidones (equation 
76) 134.136. 
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(22Q) 

((a) R1 = R2 = H; (b) R1 = Me, R2 = H; (c) R1 = H, R2 = Me) 

Thermolysis of 2-alloxy- and 2-(2-butenyloxy)quinolines (225) 
produced the corresponding 1-allyl-2-quinolones 136 (equation 77), in- 
dicating a similarity between 2-quinolyl and 2-naphthyl ethers 45 with 
respect to the direction of migration. 

Makisumi has observed an unusual migration to a mcta side-chain in 
certain heterocyclic systems. Thus, while ally1 7-(5-methyl-s-triazolo- 
[1.5-a]pyrimidyl) ether (227) gave a 50% yield of the expected 
product (228) 137, the 5,6-dimethyl compound (229) yielded 6-methyl- 
5-(3-butcnyl)-7-hydrosytriazolo[ 1.5-alpyrimidine (230) in 66% 

(equations 78 and 79). Similar results were obtained with 
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-0 OH 

allyl 4-(2,3-dimethylquinolyl) ether (231a) and allyl 4-(2-methyl-3- 
(3-buteny1)quinolyl ether (231 b) (equation 80) 139. Para-migration 

0- 0 

t 

N CHiR 

(231) 

((a) R = H; (b) R = allyl) 
90-92% 
(232) 

1-2% 
(234) 

products (233) and products (234) resulting from cyclization of the 
major product were isolated in small amounts. A mechanism involving 
initial orlho migration follo\ved by tautomerization and a Cope re- 
arrangement was postulatcd to explain thesc products (equation 81) 140. 
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4 

N 
(235) 

I (839) 

(2391 

(240) 

0 
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Support for this suggestion is provided by the observation that ethers 
239 and 240 on rearrangement give the same products in identical 
ratios (equation 82) 140. This would be expected if both ethers yield the 
same interinediatc (241). 

At present there seems to exist only one possible cxampk of a Claisen 
rearrangement of a thioether, the formation of 2-methyl-2,3-dihydro- 
thianaphthene and thiachroman from phenyl allyl sulfide (equation 
83) l4I* 142. The mechanism of this reaction is still in question. 

E. Synthetic Applications of the Cleisen Rearrangement 
Thc difficulty in preparing allyl vinyl ethers in good y i~ lds l '~  has 

discouraged widespread use of the Claisen rearrangement for the 
synthesis of aliphatic compounds. One means of circumventing this 
problem is illustrated ir? equation (84) 144-146. Presurnahh J the 

ether (250) is formed from the allyl acetal or hemiacetal of 248 by 
elimination of alcohol or water. The evidence for this sequence is that 
the acetal rearranges to the aldehyde under the usual reaction con- 
ditions, and that inversion of the aiiyi group occurs in most cases. 
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(85) 
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Burgstahler and Nordin have used the Claisen rcarrangement for 
introducing angular substituents into polycyclic systems (equations 85 
and 86)147. The vinyl ethers of ~l~-cholcstcnol-3a: (254) and A 4 -  
cholestenol-3/3 have been shown to rearrange stereospccifically to 
5u- and 5/3-A3-cholestenylacetalclehyde, rcspectivcly. 

The Claisen rearrangcment has also proved useful in the synthesis of 
various benzofuran systems 148-153. A variety of products can be ob- 
tained from the same ally1 phenol (equation 87). 

V. O T H E R  THERMAL REARRANGEMENTS 

The ability of simple e n d  ethers to rearrange thermally to aldehydes or 
ketones (equation 88) was first recognized by Staudinger and Ruzicka. 

They fbund that the heating of 267 gave 3-ethyl-4-methyl- 1 ,Z-cyclo- 
pentanedione (268) (equation 89) 154. Laucr and Spielman determined 

that the rearrangement is intermolecular and is often complicated by 
side-reactions 155. Thus, a mixture of a-methoxy-p-chlorostyrene (269) 
and a-(n-butoxy)styrene (270) yielded all four possible products 
(equation 90). Furthermore, the reaction was found to be second order 
in ether. Reaction of the product with the starting material was sug- 
gested by the formation of 1,2-dibenzoylpropane (277) and methane 
as side-products of the thermolysis of u-niethosy-styrene (275) (equa- 
tion 91). The source of 277 was indicated by the observations that 2 i6  
was stable under the reaction conditions and that 275 when heated 
with excess acetophenone (278) gave 279 and methane. Thc mechan- 
ism postulated at  this time involved first the reaction of two niolecules 
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CI 
(272) (273) (274) 

@Me 0 0 0 

(92) 
II I I  

CBH,!--CH~ + CoHGCCH~ d CeH5CCHzCHz!c~H5 + CH, 
(275) (Z78)  (279) 

of the ether (280) to form- am ion-pair complex (28L), followed by a 
nucleophilic displacement within the ion pair to give the product 
(equation 93) 155. 

I 
CCH6C=CH2 

(280) 

Later studies by Wiberg and coworkers confirmed the intermole- 
cularity of the reaction. They utilized isotopically labeled ethers lS6 
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and optically active ethers with asymmetric migrating groups (equa- 
tion 94.) 157. Because di-t-butyl percjxide catalyzed the reaction y.57, 

C6H,C=CHa - > C6HSCCHZCHR 

0-CHR I a A e  
(+I  I Racemic 

M e  

(283) (284) 
(R = E t  or CBH6) 

(94) 

Wiberg proposed that the rearrangement involved a free-radical chain 
reaction (equation 95). The side-reactions observed supposedly 

C H CCHzR + R - RH + C~H~C--CHR 
71 0 a 

R 

involved chain transfer (equation 96). The lack of inhibition of the 
rearrangement by normal free-radical scavengers 15' leaves some 
doubt as to the applicability of this mechanism to the pure thermal 
reaction. Kinetic studies have, however, confirmed this mechanism in 
the presence of free-radical initiators (azobis(isobutyronitri1e) or 

A possible alternative for the thermal reaction was suggested by 
Mortenson and Spielman 159. They assumed a nucleophilic attack of 
the double bond on the alkyl group followed by path (a), or con- 
current with path (b), a second similar nucleophilic attack to give the 
product (equation 97). However, this seems unlikely in light of 

(t-BuO),) 15'. 
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Wiberg’s finding that optically active ethers were racemized. If the 
mechanism of equation (97) were operative, one would expect inver- 
sion of configuration. 

A similar rearrangement involving alkyl aryl ethers 160* 161 has been 
observed (equation 98). ‘This reaction has been shown to involve 

(yo+ __t aoH (98) 

R 
(291) (292) 

significant retention of configuration of R in 292 160, and thus may not 
be strictly analogous (enol ether against phenol ether). This latter re- 
action has been extended to heterocyclic ethers Is6* 162 (equation 99), 
and is in this case at least partly i n t e r m ~ l e c u l a r ~ ~ ~ .  

(293) ( 2 W  

(R = Me or Et) 
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1. lNTROBUCYilON 

Analytical problems involving ethers are in many ways similar to those 
of other organic compounds. The problems encountered will usually 
fit into one of the following categories : 

Qualitative. Isolation and (a) detection of a known ether, 
( b )  determination of empirical formula, and (c) determination of 
structural formula. 

Determination of amount present of a particular 
ether or ethers in a mixture of organic substances. Isolation of the 
compound(s) is often not required. 

Quantitative. 
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I n  the above, separation methods such as crystallization, distillation, 
gas and liquid chromatography may be invaluable for isolating a de- 
sired ether for qualitative work or for quantitative analysis. Modern 
spectrophotometric, nuclear magnetic resonance, and mass spectro- 
metric analytical methods are valuable for deducing the structural 
formulas of organic compounds in general, including ethers. Because 
these methods are discussed in specialized books, the material in this 
chapter will deal with those spectral and chemical methods that are 
used specifically to determine the ether function. Most of the quantita- 
tive chemical methods described are easy to carry out, and they often 
yield extreme!y valuable information. Especially in quantitative an- 
alysis of mixtures, chemical methods usually give more precise results 
than are obtainable by strictly instrumental means. 

II. ISOLATIBN A N D  SEPARATION O F  ETHERS 

Methods such as fractional distillation, gas chromatography, column 
chromatography, paper chromatography, and thin-layer chromato- 
graphy are of course applici:ble to the isolation and separation of 
ethers as well as other organic compounds. Tlic principles of these 
separation techniques are well known and need not be discussed here. 
Although chromatographic separations of some classes of organic com- 
pounds are well documented, comparatively few papers have dealt 
specifically with the separation of ethers. Ray has described the 
separation of a number of aliphatic ethers by gas chromatography. 
Carruthers, Johnstone, and Plimmer studied the separation of methyl 
aryl ethers by gas chromatography using a column containing one part 
of Apiezon M on 2.5 parts of Celite C22. They employed a column 
260 cm long, nitrogen carrier gas, a temperature of 145"c, and a flow 
rate of 14 ml/min. Under these conditions the retention volumes given 
in Table 1 were obtained. 

Some excellent separations of ethers have been obtained using 
salting-out chromatography or solubilization chromatography. Sargent 
and Rieman3 separated ethers on a column of 200400 mesh Dowex 
50-X4 ion-exchange resin using 0.01 M to 4-0 M ammonium sulfate as 
the eluting agent. Lowering the concentration of ammonium sulfate 
decreases the 'salting-out' effect and causes the ethers to be eluted one 
by one. 

I n  solubilization chromatography, using the same ion-exchange 
resin, the eluting (mobile) phase is a mixture of water and a miscible 
organic solvent such as acctic acid. The solute ethers are held in the 
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TABLE 1, Gas chromatographic retention volumes of ArOMe-type ethersa. 

Retention 
volume com- 

h r  B.p. ("c) pared to anisole 

Phenyl 
o-Cresyl 
tn-Cresyl 
p-Cresyl 
2,3-Xylyl 
2,4-Xylyl 
2,5-Xylyl 

3,4-Xylyl 
2,6-Xylyl 

3,5-Xyl~l 
o-Methoxyphenyl 
m-Methoxyphenyl 

154 
171 
177 
176 
199 
192 
194 
182 
204 
1 94 
207 
2 14 

1.00 
1 -56 
1.67 
1 a67 
2.96 
2-42 
2-50 
2.05 
3-16 
2.50 
2.5 1 
3.1 1 

resin by interaction with the polystyrene matrix. A higher proportion 
of organic solvent in the eluent increases the solubilily of the solutes 
and speeds their elution from the column. Sherma and Rieman4 
studied the following ethers : diisopropyl, di-n-propyl, ethyl n-butyl, 
di-n-butyl, anisole, diphenyl, diisopropyl, and di-n-propyl. A typical 
separation is shown in Figure 1. 

Effluent volume (mi) 

FIGURE 1. Thc scparation of a five-component ether mixture. 102.0 cm x 
2-28 cm2 Dowcs 50-X4,200-400 mcsh, hydrogcn form, 0.28 cmlmin. Aqueous 
acetic acid eluent changed at  350 ml and 540 ml. 1 diisopropyl ether; 2 ethyl 
n-butyl ether; 3 di-n-butyl ether; 4 anisole; 5 diphenyl cther. [Reproduced, by 

pcrmission, from rcfercnce 4.1 
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Ill. QETECTION O F  ETHERS BY CLASSICAL AND 

The classical methods for detecting ethers are often somewhat cnm- 
bersome. The presence of an ether is deduced from thc solubility class, 
from &.c presence of oxygen as determined by qualitative elemental 
analysis, and from the absence of other oxygen functional groups of 
other types of compound in the same solubility class. 

Identification of a particular ether by classical methods is more 
straightforward. The possibilities are narrowed to a short list by 
measurement ofthe melting point or boiling point (and often of the re- 
fractive index as well). Then a derivative is prepared and its melting 
point is determined to confirm the particular ether present. For sym- 
metrical aliphatic ethers, the 3,5-dinitrobenzoate is a common deriva- 
tive (equation 1). Picrates of aromatic ethers are often used as 
derivatives. 

SPECTRO? H OTO M ETWIC METHODS 

The ether function as such does not absorb radiant energy to any 
extent i.n the visihle gr u!travio!et spectral regicns, althcugh specific 
ethers may sometimes be detected by the absorbance of other functional 
groups in the molecule. For example furan has an absorption maxi- 
mum at 252 mp owing to conjugated unsaturation. 

In  the infiared thc characteristic response of the G O - C  system to 
stretching vibrations is not greatly different from that of the C-C-C 
system. For this reason these two systems absorb radiant energy in the 
same general wavelength regions. However, more intense infrared 
bands are observed for the ethers, owing to the greater changes of di- 
pole moment in ethers. Usefd for identification of ethers is a strong 
vibration band due to asymmetric stretching between about 8.00 and 
9.45 p (1250-1060 cn1-l). For aliphatic and cyclic compounds contain- 
ing the C-0-C function this band occurs betwcen 8.70 and 9-45 p 
(1 250-1060 cm-l). For aryl, arylalkyl, and vinyl ethers this band occurs 
between ahout 7.85 and 8-35 p (1270-1200 cm-l). Carboxylic esters 
and lactones also absorb strongly in the region 7-85-8-15 p. In the 
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last-mentioncd ethers there is a weaker symmetric stretching band 
around 9-30 to 9.80 p (1275-12OG cni-'). 

Some additioiial infrared absorption bands that are often useful are 
as follows : 

ArOCH, 

\-c / 
/\./\ 

3-51 p, (2850 crn-l) 

3-28-3.33 p (3050-3000 crn-l) 
E-00 p (1259 cm-l) 
10.5-12-35 p (950-810 crn-l) 

10.8 p (925 cm-l) 
0 

Bocks by Nakanishi and by Silverstein and Bassier provide useful 
information on the infrared behavior of ethers. Randall, Fowler, 
Fuson, and Dang17 give infkared spectra of a number of specific ethers. 

IV. QUANTITATIVE CHEMICAL METHODS FOR ETHERS 

A. AIkoxy Group 
Compounds containing an alkoxy group in which the alkyl group is 

not higher than butyl (and preferably is methyl or ethyl) can be detcr- 
mined quantitatively by cleavage with liydroiodic acid (equation 2). 

-OK + HI - -OH + RI (2) 

After cleavage, the alkyl indide Is ~ ~ s u d l y  separated from the ieaiiioil 
mixture by distillation and is determined by gravimetric, titrimetric, 
or gasometric means. This method was first proposed by Zeise18 and 
was adapted to a micro scale by Preglg. An exccllcnt review of the 
method together with dctails concerning procedurcs and apparatus is 
given by Cheronis and Malo. 

Alcohols as well as ethers react with hydroiodic acid to form an 
alkyl iodide. In mixed cthcrs, R10R2, where R' is a long-chain group 
and R2 contains one to four carbon atoms, cleavage with HI produces 
mostly R21 and R'OH. However, if the reaction goes partly in the re- 
verse nianner to produce R20H and R'I, the R 2 0 H  can further react 
with HI to give R21 and H20.  This may also happen if both R2 and 
R1 are short-chain groups. Thus dietliyl ether produces two molecules 
ofcthyl iodide (reaction 3). If the rcaction produces mainly R'OH and 

EtOEt + HI - z EtOH + Etl - 2 Etl (3) 
HI 

22 f C.E.L. 
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R21, however, and only niinor amounts of R'I, correct results will be 
obtained prwided X'I hss a sufficiently hizh boiling point to allow 
the lower boiling R21 to be separated from it by distillation. 

A typical apparatus for determining alkoxy compounds is shown 
in Figure 2. The sample is dissolved in acetic anhydride or in xylene. 
Microanalytical reagent grade hydriodic acid (which is 57% HI 
instead of the usual 47 or 48% acid) is added and the mixture is 
heated to speed the reaction. A slow stream of nitrogen is bubbled 
into the reaction mixture to aid in volatilizing the alkyl icdide. 

FIGURE 2. Apparatus for the determination of alkoxy compounds. 
[Reproduced, by permission, from rcference 12.1 

I n  the classical methods a scrubber (not shown in Figure 2) is in- 
cluded in the apparatus to separate the alkyl iodide from hydrogen 
iodide and iodine. Pregl used a suspension of red phosphorus in water 
to achieve this separation (reaction 4). The hydrogen iodide is soluble 

( 4 4  

(4b) 

2 P +  31, - > 2 PI, 

PIS + HZO - > H,PO, + 3 HI 
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in water while the alkyl iodide is not soluble and continues through 
the scrubber. However, Elek employed a suspension of phosphorus 
and cadmium sulfate to avoid possible loss of hydrogen iodide through 
the scrubber (equation 5) .  Thus if all goes well only the alkyl iodide 

4 HI + 2 CdSO, ___f Cd(Cdl,) + 2 H2SOI (5) 

enters the receiver where it is absorbed and determined by one of the 
methods discussed in the next subsection. At this point it might be 
stated that the cleavage reaction proceeds fairly rapidly, but the 
volatility of the alkyl iodide limits the method to lower alkoxy groups. 

Gravimetrically, the alkyl iodide 
may be absorbed by a solution of silver nitrate in 95% ethanol. A 
double salt is formed, but this decomposes on digestion with water so 
that the overall reaction is (6). Unfortunately the precipitation is not 

RI + Ag1\103 __j Agl(s) + R N 0 3  (6) 

quit- complett and a small correction factor must be employed. 
The alliyl iodide may also be determined by the indirect iodine 

method. Bromine oxidizes the iodine in the alkyl iodide to iodic acid 
in acetate-buffered solution (equation 7). The excess bromine is re- 

RI +- 3 Br, + 3 HzO - > HIO, + R B r  + 5 HBr (7) 

duced by careful addition offormic acid (equation 8). Finally the iodic 

Brz + HCOzH 2 HBr + COz (8) 

acid is reduced with potassium iodide, and the iodine formed is titrated 
tvith standard thiosulfate (equation 9). 

Detemination of the alkyl iodide. 

HI03 + 5 I -  + 5 H +  - > 3 I, + 3 H,O @a) 

2 Sz032- + 12 S40e2-  + 2 I -  (9b) 

The nonaqueous acid-base titrimetric method of Cundiff and 
Marl:unas12 is unique in that it is not necessary to separate the alkyl 
iodide from either HI or iodine. The alkyl iodide is converted into the 
corresponding alkylpyridiniuni iodide, and a differentiating titration 
with tetrabutylammonium hydroxide titrates first the HI that is dis- 
tilled over and next the alkyl pyridinium iodide. These authors re- 
ported excellent results for the analysis of some twenty-nine different 
ethers including methoxy, ethoxy, propoxy, and butoxy compounds 
and one thioether. 
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Separation and determination of alkyl iodides by gas chromato- 
graphy is another possibility. Vertalier and Martin l3 successfully 
separated several of the lower alkyl iodides, but their results were not 
quantitative. Ma and Schlachter14 reported a useful method although 
their procedure is somewhat involved and their apparatus rather 
elaborate. 

B. Oxyalkylene Group 
Siggia and coworkers15 have proposed a method for quantitative 

determination of compounds containing the oxyalkylene group. Their 
method is based on reaction (lo), which is thought to proceed through 

-CHzCHZO- + 2 HI - > CH2=CH2 + 12 + HzO (10) 

the formation of 1,2-diiodoethane, followed by decomposition to 
ethylene plus iodine. Some of the 1,2-diiodide may react with HI 
(reaction 11). 

ICHzCHZl + HI + CHSCH2I + 12 (1 1) 

I n  this procedure the sample is boiled with 55-58% HI for 1-5 hours 
under carbon dioxide. Then the mixture is cooled, potassium iodide is 
added, and the iodine formed is titrated with standard thiosulfatc. 
Good results were obtained for the following compounds : diethylene 
glycol monobutyl ether, ethylene glycol monomethyl ether, polyethyl- 
ene glycol (Carbowax 400), dioxane, polypropylene glycol, ethylene 
glycol, diethylene glycol dimethyl ether, ethylene oxide, and stearic 
Z&d esters of i;o!y”thylene glycol. 

C. Acetals and Ketals 
Acetals and ketals are usually easy to hydrolyze in acidic solution. 

Methods for the quantitative chemical analysis of these compounds are 
generally based on the determination of the aldehyde or ketone formed. 

In the method of Siggia16 the aldehyde is determined by a quantita- 
tive formation of the bisulfite addition product. 

The ketone from a ketal may, after hydrolysis, be determined by .a 
standard oximation procedure such as that of Fritz, Yamamura, apd 
Bradford 17. 

D. Vinyl Ethers 
Vinyl ethers are readi1.y hydrolyzed to acetaldehyde (reaction 12). 
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The acetaldehydc can be determined quantitatively by 7' bisulfite 
addition or by an oximation procedure. 

H+ 
ROCki=CHZ + Ha0 - z ROH + CHDCHO (12) 

A useful quantitative method for vinyl ethers is based on reaction of 
iodine in methanol-water (equation 13) lo. In  this method there is no 

ROCH=CH2 + l2 -+ MeOt-! d ROCHCHal+ HI (13) 

interference from impurities usually associated with vinyl ethers such 
as acetaldcliyde, acetals, alcohols, acetylene, or water. The sum of 
acetal plus vinyl ether can be ascertained by the hydrolysis method. 
Then on another aliquot only the vinyl ether is measured by the 
iodine method. 

AMe 

E. Epoxides 
The a-epoxide (oxirane) functional group is quite reactive toward 

nucleophilic reagents (reaction 14). Useful analytical methods involv- 
0 O H  

I 1  
HX + -LA- d -c-c- 

' A  I 1  
(14) 

ing this type of reaction include the addition of hydrogen chloride19, 
tlliosulfate 20, morpholine al ,  and hydrogen bromide 22. Probably the 
Lad vuJc 

termined by direct tit7ation with anhydrous hydrogen bromide in acetic 
acid (reaction 15). The end point in this titration may be determined 

+I.-"- uALaL is tkc iiii-ihcl ofBurbetaki"2 in which the epoxide is de- 

0 OH 

HBr + -/>- -!d- (15) ' 8r 
I I  

potentiometrically using glass and calomel electrodes, or with a visual 
indicator such as crystal violet. 

Although most a-epoxy compounds titrate smoothly, Dijkstra and 
I)ahmenZ3 found the titration of glycidyl esters to be 'annoyingly 
slow' by this procedure. A fairly long wait was required for equilibrium 
to be attained after addition of each increment of titrant, especially 
near the equivalence point. These authors then proceeded to show how 
the titration could be speeded up. The mechanism of hydrogen bromide 
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addition is one of rapid protonation, followed by slow addition of the 
anion (reaction 16). When the titration is performed in the presence of 

0 OH 

( 16) 
H +  + -d-C- ’ \  + ( , I,, )+-% -&-L- 

I I -c-c- I 

three equivalents of tetrabutylammonium iodide for each equivalent of 
epoxide, the titration proceeds much more rapidly and there is a larger 
potential break at the equivalence point in the titration. Addition of an 
excess of a quaternary ammonium bromide also speeds up the titra- 
tion; the use of lithium bromide is somewhat less effective. 

Operationally it is more convenient to dissolve the sample in glacial 
acetic acid, add an excess of a quaternary ammor&m brmiide Gi 
iodide, and titrate with standard perchloric acid in glacial acetic acid. 
This avoids the necessity of preparing and keeping a standard solution 
of anhydrous hydrogen bromide in glacial acetic acid. 

Keen2* has devised a method for the determination of /3-epoxides 
(oxetanes) based on their cleavage to the 1,3-chlorohydri? by pyri- 
dinium chloride (reaction 17). The oxeiane ring is considerably more 

CH2 CH,OH 

0 + HCI - A > ‘ c /  \/ \ 
pyridine / \ 

CH,CI 
/ \ /  

CH, 

stable than the rr~irrane ring; therefore this IL(cc.uvLL ----*:A- L L q . i e s  -- the iise ef 
anhydrous pyridinium chloride and refluxing for approximately 
3 hours. (A modification of this procedure employs a sealed tube and 
requires less time.) After the reaction is corr.plete, water is added and 
the excess acidity is titrated with 0.15 hi sodium hydroxide using 
phenolphthalein indicator. 

Excellent results were obtained for approximately ten different 
oxetanes. This procedure also determines most oxiranes quantitatively. 
Esters and several olefins caused no interference, and the author feels 
that aromatic and noncyclic aliphatic ethers will cause no interference. 

F. Miscellaneous Quantitative Methods 
I n  strictly anhydrous media ethers can be determined by titration 

with a standard solution of a Lewis acid. Thus T r a m b o u ~ e ~ ~  titrated 
dioxane with aluminum chloride in benzene using thermometric de- 
tection of the end point. Sheka26 titrated diethyl ether, diphenyl ether, 
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and dioxane with aluminum bromide and followed the titration by 
measuring the dielectric constant of the solution. Zenchelsky, Periale, 
and Cobb 37 studied the reaction between dioxane and stannic chloride 
in benzene and found a combining ratio of one to one and accuracy of 
k 1% in the titration. 

Schenk, Santiago, and Wines 28 noted that 1,3-dimethoxybenzene 
reacts uith tetracyanoethylene in acetic anhydride-chloroform to pro- 
duce a color that follows Beer's law. Apparently other aryl ethers can 
be determined using this reaction. 

Anethole and perhaps other aryl ethers can be determined quanti- 
tatively by oxidation with cerium(1v) 29. Binary mixtures containing an 
ether may sometimes 'be analyzed by a phase titration. For example 
Lazzari 30 analyzed mixtures of dibutyl ether and butyl alcoiiol by 
titration with water to the formation of a permanent turbidity. 

V. QUANTBTABBVE DETERMINATION O F  THIBETHEWS 
(SULFIDES) 

In  the absence of other sulfur-containing compounds, determination of 
thioethers can be based on a quantitative analysis for total sulfur by 
standard methods. However, a much m-ore selective method involves 
oxidation to sulfoxide with bromine in partly aqueous solution 
(equation 18). This reaction is fast enough for direct titration with 

RZS + 6r2 + H2O - > R,S+O + 2 HBr (18) 

bromine to be possible. Excess bromine will further oxidize the sul- 
&ide to the sulfone, but the !~:tter r e ~ t i ~ n  is dowci. Siggi~ arid 
Edsberg3' carried out the titration in acetic acid-water containing 
some hydrochloric acid. The tit'ant used is a standard bromate- 
bromide solution which reacts with the hydrochloric acid in the sample 
solution to form bromine in situ (equation 19). The bromine then 

(19) 

oxidizes the sulfide to the sulfoxide. The end point in the titration is 
detected by the first lasting color of the excess free bromine. 

This method also oxidizes mercaptans more or less quantitatively, 
but the accuracy is rather poor. J a ~ e l s k i s ~ ~  solved the problem of 
analyzing mixtures of sulfides and mercaptans by first treating the 
mercaptan with acrylonitrile in basic solution (reaction 20). The 
sulfide frcm this rcaction, plus the sulfide originally present in the 

RSH + CHz=CHCN + RSCHzCHzCN (20) 

BrOj- + 5 B r -  + 6 H+ --+ 3 Bra + 3 H,O 

OH- 
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sample, are titrated with bromine according to the method of Siggia 
and Edsberg3'. On another aliquot of the sample only the mercaptan 
is determined by titration with iodine or with mercury(r1) 33. 
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1. INTRODUCTION 

Any chemical requires certain precautions when handled, and while 
ethers are not especially hazardous, their use involves certain risks of 
fire, toxic eEerts, and unexpected reactions. 

After a brief review of the toxic, fire, and explosion hazards of some 
of the ethcrs, reasonable protective measures will be outlined. Except 
for the unique problems of peroxide formation in ethers, the practices 
described will be suitable for preventing accidents in many other 
laboratory operations, particularly those involving the handling of 
flammable liquids. 

I t  is not yet current practice to require that proposals for laboratory 
research contain statements of safety considerations but, in addition 
to the institutional and supervisory responsibilities, there are certain 
individual responsibilities which must be fulfilled if laboratory acci- 
dents are to be prevented 2, Each investigator has the responsibility to : 
(3) find out the health and safety hazards of the chemicals to be used 
and produced, and the hazards of the reactions which may occur; ( b )  
design the experimental setup and procedures to avoid or Ernit un- 
planned occurrences ; and (c) investigate and record unplanned events 
which occur. 

I I .  FIRE HAZARDS O F  ETHERS 

Since almost all ethers will burn in air, an assessment oftheir potential 
Ilazards depends upon Gash points and evaporation rates, vapor densi- 
ties, ignition temperatures, igilition sources, and fire temperatures. 

A. FIash Points and Evaporation Rates 

The flash point of a liquid is the lowest temperature at which vapors 
are given off in sufficient quantities for the vapor-air mixture above 
the surface of the liquid to propagate a flame away from the source of 
ignition. I n  other words an explosive vapor-air mixture can form 
whenever a liquid is used or stored in an open container at  a tempera- 
ture above its flash point. Many laboratory fires have occurred 
because flammable mixtures of ether vapor and air were formed when 
the solvent was poured from one container to another. 

The flash point of a fiammable liquid is determined by heating it in 
standard equipment an+. measuring the minimal temperature at 
which a flash can be obtained when a small flame is introduced in the 
vapor above the surface of that liquid. The equipment used for liquids 
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with a flash point below about 80" c is the Tag Closed Cup Tester, 
described by the American Society for Testing Materials, specification 
D56. 

The approximate flash point of some common ethcrs and their rela- 
tive evaporation times are shown in Table 1. The evaporation times 
are relative to diethyl ether as 1 ~ 0 ~ .  The rate for diffusion of diethyl 
ether in free air in the neighborhood of the source is 4.4 cc/sec*. 

TABLE 1 .  Flash points and relative evaporation times of ethers. 

Compound 
Flash point Relative evaporation 

("4 time (Et,O = 1.0) 

Butylcellosolve (ethylene glycol 

Di-n-butyl ether 
Cellosolve (ethylene glycol mono- 

ethyl ether) 
p-D' ioxane 
Divinyl ether 
Diethyl ether 
Diisopropyl ether 
Methylcellosolve (ethylene glycol 

Tetrahydrofuran 

monobutyl ether) 

monomethyl ether) 

61 

25 
40 

12 
- 30 
- 45 
- 28 

42 

- 14 

85 

14.5 
28.1 

5.8 

1.0 
1.4 

21.1 

- 

2.0 

B. Vapor Densities 
Sincc the vapors of ethers are heavier than air, they tend to flow 

downwards from pouring operations and open containers. Flammable 
concer,trations of vapors may travel a considerable distance to a source 
of ignition, which may result in a flame flashing back to the source of 
vapors or in an explosion. 

Vapor densities cf somc of the ethers, compared to air as 1.0, are: 
&ethyl ethcr, 2.6; tetrahydrofuran, 2-5 ; p-dioxane, 3.0; and diisopro- 
pyl ether, 3-5. Such densities and a tendency toward downward flow 
account for the requirement that operating room electrical equipment 
below 5 feet above the floor must be explosion-proof. 

As pure solvent vapors become dilutcd in air, the vapor density of 
the mixture begins to approach that of air, and such mixtures may 
easily be carried upward by air currents within the laboratory. For 
example, while the vapor dcnsity of pure diethyl ether vapor is 2.6, the 
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least possible explosive concentration of ether is 1.9% vlv and this 
mixture hsis a v a p r  density of 1.03. 

C. Limits of Flammability 
The lower limit offlammability, or the lower explosive limit, is the 

loivcst percentage concentration by volume in which a flash will occur 
or a flame will travel if the mixture is ignited. The upper limit of 
flammability, or the upper explosive limit, is the highest percentage 
concentration by volume of a flammable mixture in which a flash will 
occur or flame will travel. 

Limits of flammability for horizontal and downward propagation 
of flame in mixtures of dicthyl ether in air and in tubes of different 
materials and diameters have been determined. The limits of flamma- 
bility of several ethers ir; air, in oxygen, and in other atmospheres are 
included in the critical review by Coward and Jones5 which lists 
fla:nmability limits for many other materials. Limits of flammability 
of ether vapors are listed in Table 2. 

TAnLE 2. Limits of flammability of ether vapors. 

Limits offlam.mability (yo v/v) 

Compound Lower Upper 

Bu tyl cellosolve 
Di-n-butyl ether 
Cellosolve 
1-D' ioxane 
Divinyl ether 
Diethyl ether 
Diisopropyl ether 
Methylccllosolvc 
Tetrahydrofuran 

1 . 1  
1.5 
2.6 
2-0 
1-7 
1.9 
1-4 
2-5 
2.0 

16.0 
7.6 

15.7 
22 
27.9 
48 
21 
19.8 
11.8 

B. Ignition Temperatures 
The ignition temperature is the minimal temperature required to 

initiate or cause self-sustained combustion, independent from the 
source of ignition. Listed temperatures should be considered as 
approximations since they vary with the composition of the vapor-air 
mixture, oxygen concentration, humidity, size of test vessel, and other 
parameters of the test situation (Table 3). 
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ThnLE 3. Ignition temperatures for ethers. 

Ignition temp. 
Compound ("4 

Butylcellosolve 244 

p-D' ioxane 180 

Isopropyl ether 443 

Di-n-butyl ether I94 

Divinyl ether 360 
Dicthyl ether 180 

Te trahydrofuran 32 1 

685 

Attention is directed to the particularly low ignition temperatures 
of diethyl ether and p-dioxane, especially with reference to tempera- 
tures listed for some of the ignition sources described in the next 
section. 

The minimal energy of a capacitance spark that is just capable of 
igniting a nodlowing stoichiometric mixture has becn determined 6, 

and it is claimed possible to predict the minimal energy to ignite 
almost any organic compound by comparison of the molecular struc- 
ture to those examined. 

E. Ignition Sources 
Since the elimination or control of the ignition sources is a basic 

approach to prevention of fires and explosions where flammable 
liquids are transferred or stored, it is appropriate to list some of the 
possible sources of ignition, including both the obvious and the not so 
obvious. 

1. Flame 
Flame sources of ignition can include laboratory burners, glass- 

blowing equipment, gas pilot lights, welding torches, plumbers' lead 
pots, and matches used to light cigars, cigarettes, and pipes. 

2. Heat 
Electrical heating elements in furnaces and hot plates, sparks from 

grinding and metal tools, and lightcd tobacco are heat sources which 
may be readily apparent as ignition sources. Less apparent ignition 
sources include incandescent light bulbs, high-pressure steam lines, 
overheated bearlngs, heating mantles, and low-temperature electrical 
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ovens. Cigarette temperatures have been reported' to reach up to 
732" c. 

Perhaps, because the electrical heating coils in low-temperature 
ovens are not readily visible or because the coils are not heated to a 
bright red, such ovem have erroneously been considered safe for heat- 
ing mixtures containing diethyl ether, although the resistance heating 
elements can be well above the ignition temperature of many flam- 
mable liquids8. Even the surface temperature of a steam line at 7-03 
kg/cm2 can reach 170" c8.  

3. Electric sparks 
Electrical sparks may result from short circuits and arcs from elec- 

tric motors, switches, thermostats, loose electrical contacts including 
loose light bulbs, maintenance or work on live electlical circuits, and 
other electrical equipment. Ordinary refrigerators have a variety of 
electrical ignition sources within die refrigeration chamber. 

4. Static electricity 
Static electricity may be generated by repeated contact or separation 

of two dissimilar substames, such as the rubbing of clothing, moving 
machinery, andfiourizg ofJimrnable liquids. The Merck Index reports that 
ether is a good insulator and when shaken under absolutely dry 
conditions can generate enough static electricity to start a fire. 

F. Fire Temperature 
Some of the concern which will be expressed later in this chapter for 

special containers for ethers and other flammable liquids and for 
special fire-protected storage is based on the importance of limiting the 
amount of fuel contributed to the fire and minimizing fire damage. 

Vaporization increases as the temperature rises; and flammable 
liquids at  elevated temperatures are obviously much more hazardous 
than the same materials at standard temperature. Furthermore, 
flammable liquids may liberate heat up to ten times faster than, 
for example, wood planking g. 

Ignition of a 3-8 1 of low flash point thinner produced a peak fire 
temperature of 471" c in exactly 1 minute from time of ignition, and 
one gallon of duplicating fluid adjacent to wood shelving covered with 
paper, cardboard boxes, and books produced a peak fire temperature 
of 8 3 2 " ~  in exactly 2 minutes from time of ignitionlo. 
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G. Report o f a  Laboratory Fire 
I-Iaving obtained a strongly positive potassium iodide test for 

peroxide in a two-year-old dioxane sample, a graduate student added 
5 to 6 g of lithiurn aluminum hydride to about 4.00 ml of cold dioxane 
to reduce the peroside. When hydrogen evolved in small bubbles in 
the reaction on the bench, lie carried the container with a towel to the 
hood at the other end of the laboratory; the hydrogen began to evolve 
rapidly in large bubbles and the bottle exploded, burning with first 
and second dcgree burns his face 2nd both arms. I t  is not known 
whether the explosion was caused by ignition of hydrogcn or of dioxane 
vapors by either static electricity or by the heat of the reaction. 

111. HEALTH HAZARDS O F  EYHEKS 

The effects of ethers (and other chemicals) due to inhalation, skin 
contact, or ingestion may range from drowsiness and lack of co- 
ordination to serious injury or death depending upon the susceptibil- 
ity of the individual, the toxicity of the chemical, and the duration of 
exposure. 

Toxic materials act on the body by physical, by chemical or physio- 
logical means, or by a combinatim of these. The interested reader can 
refer to Stokinger’s excellent discussion of the modes of action of toxic 
substances ll. 

A. Ingestion 
Accidental or intentional ingestion of ethers is certainly very rare in 

the laboratory, particularly if such materials are in containers with 
legible labels containing, whenever possible, the appropriate warn- 
ing 12. 

Ethers are reported to have a low order of toxicity13 although 30 to 
60 cc may be fatal when s w a l l o ~ e d ~ ~ ,  and a case of fatal poisoning 
due to the ingestion of a large quantity of Methylcellosolve (2-meth- 
oxyethanol) has been recorded 15. 

B. Skin Contact 
Prolonged or repeated contacts of ethers with skin will cause tissue 

defatting and dehydration leading to dermatitis, but there is no record 
of skin sensitization. Some compounds penetrate the skin in harmfvl 
amounts, e.g. it has been reported that dioxane may be absorbed 
through the skin in sufficient quantities to produce injury16. Glycol 
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ethers are not strong skin irritants and do not penetrate the skin in 
harmful amounts, with the exception of butylcellosolve and hexyi- 
cellosolve 13. Application of liquid tetrahydrofuran to the skin of 196 
persons was found to be essentially nonirritating, although repeated 
exposure will delipidize and dehydrate the skinI3. Cellosolve, Butyl- 
cellosolve, 2nd Cellosolve acetates have not produced systemic intoxica- 
tion in industry, but have been responsible in certain laboratory 
animals fix central nervous system depression, renal damage, and 
alterations in blood eiements and toxicity 'l. 

C. Inhulation 
Inhalation is the most likely and important means by which ethers 

enter the body. The effects of various ethers may include narcosis, 
irritation of the nose, throat, and mucous membranes, and chronic or 
acute poisoning. 

Ethers in general are central nervous system depressants with di- 
ethyl ether and divinyl ether being used as general anesthetics; it is 
reported that pulmonary edema may in rare instances follow acute 
exposure to diethyl ether. Anesthesia is produced at  concentrations of 
25,000 p.p.m. of tetrahydrofuran and deep narcosis a t  60,000 p.p.m. 
and exposures to high concentrations of glycol ether vapors may cause 
central nervous system effects 13. 

Although no cases of industrial systemic intoxications had been 
reported for bis(dicholoroethy1) ether, animal studies indicate that the 
vapor is zii iiiiensz i espiratory tract irritant causing pulmonary 
edema ll. Exposure to vapor concentrations of dioxane averaging 470 
p.p.m. for several days was judged responsible for the death of a worker 
who at autopsy was found to have central nervous system damage, 
bronchopneumonia, and scvere liver and kidney injury 1'7. 

Acute exposure to methylcellosolve R may cause pronounced neuro- 
logic effects, including headache, drowsiness, fatigue, forgetfulness, 
tremors, and other symptoms, while low-grade chronic exposures may 
cause depression of red blood cell formation ll. The literature includes 
a report on five persons who suffered from methylcellosolve intoxica- 
tion after an industrial exposure1*. 

Systemic effects which may result from overexposure to dioxane 
vapors or percutaneous absorption of liquid dioxane may include 
severe gastric symptoms, and liver necrosis and nephritis ll. 

Some ethers, such as Carbitol (diethylene glycol monoethyl ether) 
and Butylcarbitol (diethylene glycol monobutyl ether), may not give 
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warning by odor or irritative properties at threshold or toxic concentra- 
tions; others are suficiently irritating to the eyes, nose, and throat so 
that the ‘sensory limits’ for comfortable exposures may be below 
threshold limits for toxic exposures (see Table 4). For comparison, the 

TABLE 4. Scnsory limits obtained for ccrtain solvent vapors1e.20. 
~ ~ ~~~ ~ ~~~ ~ ~ ~~ 

Concentration of vapor (p.p.m.) Highest concentration 
which irritated majority of subjccts (p.p.m.) estimated satis- 

factory for 8-hour expos- 
Solvent Eyes Nose Throat ure 

~~ ~ 

Diethyl cthcr - 200 - 100 
Di-n-butyl ether 200 200 > 200 100 
Dioxane > 200 > 200 > 200 200 
Diisopropyl ether > 300 > 300 > 300 > 300 

threshold limit values eiven by the American Conference of Govern- 
mental Industrial Hygienists in 1964 were 400 p.p.m. for ether, 100 
p.p.m. for dioxane, and 500 p.p.rn. for diisopropyl ether. 

D. Threshold Limit Values 

TABLE 5. Rxrommended thrcshold limit valves. [Reproduced, by 
permission, from Thzcshold Limit Values 2965, American Confcrcnce 

of Industrial Hygicne.] 

Etkr  p.p.m- mg!m3 

[C] Ally1 glycidyl ether 10 45 

[C] Dichlorocthyl ether [skin] 15 90 

2-Butoxyethano1 (Butylccllosolvc) [skin] 50 240 
n-Butyl glycidyl cthcr 50 2 70 

[C] Diglycidyl ether 0.5 2.8 
Dioxane [skin] 100 360 
Dipropylene glycol methyl ether [skin] 100 600 

2-Ethoxyethanol (CelIosolve) [skin] 200 740 
2-Ethoxyethylacctatc (cellosolve acetate) [skin] 100 540 
Isopropyl glycidyl ethcr 50 240 
2-Mcthoxycthanol (Methylcellosohe) [skin] 25 80 
Phenyl glycidyl ether 50 310 

Tetrahydrofuran 200 590 

Diethyl cther 400 1200 

Diisopropyl ether 500 2 100 

4 [C] refers to a maximal safe concentration and [skin] refers to the need to prevent cutaneous 
absorption. 
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The threshold limit value of a chemical is the highest atmospheric 
concentrations to which laboratory personnel should be exposed dur- 
ing regular working periods, to avoid nuisance, irritatior,, narcosis, 
impaired health, or other strcss. Recommended threshold lim-it values 
for many chemicals have becn established (Table 5) and are reviewed 
and published annually by the American Conference of Governmental 
Industrial Hygicnists, which also publishcs Docunzentation of Threshold 
Limit Values. The meaning, use, and limitations of threshold limit 
values are set forth in this annual listing. 

IV. REACTIVITY HAZARDS 
In  addition to citing some hazardous chemical reactions which have 
been recorded between ethers and other chemicals, this section 
includes information on the formation, detection, inhibition, and 
removal of the peroxides which may be formed in many ethers by 
autoosidation. Methods of disposal of waste ether:, including those 
containing or suspccted of containing peroxides, will be discussed 
in section V.F. 
A. Hazardous Chemical Reuctions 

A convenient and accessible conipilatron of hazardous chemical 
reactions was published in 196421 and there are plans to publish 
revised editions as additional information on hazardous reactions is 
accumulated. The Committee who prepared this work invites those 
who have personal knowledge of hazardous reactions or who know of 
references to hazardous reactions which have been n m i t t d  to send the 
information to the Secretary of the Sectional Committee on Haz- 
ardous Chemical Reactions, The National Fire Protcction AssociaGon, 
60 Batterymarch Street, Boston, Massachusetts, 02 1 10. 

T h e  Manual of Hazardous Chemical Reactions 21 (copyrighted by the 
National Fire Protection Association and quoted here by permission) 
gives refercnces to the following reactions : 

Mixtures of liquid air and diethyl ether exploded 
spontaneously. 
Soldtions of bromoazide in ether are stable for a 
few hours, but after this or when being concen- 
trated are likely to explode on shaking. 
Explosions involving diethyi cther and lithium 
aluminum hydride, with aluminum chloride as a 
catalyst, have bcen traced to carbon dioside as an 
impurity in the ether. 

Diethyl ether 



16. Appendix on Safety Measures 69 1 

Nitrosyl perchlorate ignites and explodes with 
diethyl ether. 
Perchloric acid explodes with ether. 
Explosions can occur when permanganates that 
have been treated with sulruric acid come in con- 
tact with diethyl ether. 
Sodium or potassium peroxide is spontaneously 
fiamniable with diethyl ether. 
Diethyl ether reacts violently when mixed with 
anhydrous nitric acid. 

Occasional explosions involving dimethyl ether 
and aluminum hydride have been traced to car- 
bon dioxide impurity in the ether. 

Dimethyl ether 

I n  the lithium aluminum hydride reduction of organic com- 
pounds 22 some substances containing active hydrogen decompose the 
reagent with the liberation of hydrogen 23. Peroxides of tetrahydro- 
furan or their reaction products may cause vigorous reaction with 
lithium aluminum hydride and a subsequent fire 2*s. 

B. Peroxides 
Ethers tend to absorb and react with oxygen from the air to form 

uuLdulc ~ U U ~ ~ C S  ;;.hich may detonate with extrexe -.k!ecce whe-n- 
they become concentrated by evaporation or distillation, or when 
combined with other compounds that give a detonable mixture, or 
when disturbed by heat, shock, or friction. 

Peroxides formed in organic compounds by autooxidation have 
caused many laboratory accidents, including unexpected explo- 
s i o n ~ ~ ~ . ~ ~ .  An ‘empty’ 250 cc bottle which had held diethyl ether 
exploded when the ground glass stopper was replaced; another explo- 
sion cost a graduate studcnt the total sight of one eye and most of the 
sight of the other; and a third killed a research chemist when he 
attempted to unscrew the cap from an old bottle of diisopropyl 
ether 27. Appropriate action to prevent injuries from peroxides and 
ethers depends not only on knowledge about formation of peroxides 
and methods for detection and removal, but is also helped by proper 
labeling and inventory procedures, by personal protective equipment, 
and by adequate disposal methods. 

_..-_ A - 7 - 1 -  _^_^___ 
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1. Formation of peroxides 
Peroxides may form in freshly distilled and unstabilized ethers 

within less than two weeks. Peroxide formation began in tetrahydro- 
furan after three days and in diethyl ether after eight daysz8. Exposure 
to the air, as in opened and partially emptied containers, accelerates 
formation of peroxides in  ether^^^^^^, and while the effect of exposure 
to light does not seem to be fully understood, it is generally recom- 
mended that ethers which will form peroxides should be stored in full, 
air-tight, amber glass bottles, preferably in the dark. 

Although diethyl ether is frequently round stored under ref,-igera- 
tion, there is no evidence that refrigerated storage will prevent forma- 
tion of peroxides. 

The storage time required for peroxides to increasz from 0-5 p.p.m. 
to 5 p.p.m. was less than two months for a tinplate container, six 
months for an aluminum container, and over 17 months for a glass 
container 31. Rise in peroxide content was not appreciably accelerated 
at temperatures about 1 1 O c  above room t ~ m p c r a t u r e ~ ~ .  Davies has 
reported32 on the hazards of the rormation of peroxides in various 
liquids, and the literature contains an extensive report on autooxida- 
tion of dicthyl ether 32. 

Diisopropyl ether seems unusually susceptible to peroxidation : a 
half-filled 500 ml bottle of diisopropyl ether peroxidized despite being 
kept over a wad of iron wool34. Although it may be possible to stabil- 
ize diisopropyl ether in other ways, the absence or exhaustion of a 
stabilizer may not always be obvious from the appearance of a sample, 
so that even opening a container of diisopropyl ether of uncertain age 
to test for peroxides may be hazardous2'. 

2. Detection and estimztion of peroxides 
Appreciable quantities of crystalline solids have been reported 25*  26 

as gross evidence for the formation of peroxides, and a case is known 
in which peroxides formed a viscous liquid in the bottom of a glass 
bottle of ether. If similar viscous liquid or crystalline solids are ob- 
served in ethers, no further tests are recommended, since in disposals 
of such material explosions have been reported when the bottles were 
broken. 

Chemical and physical methods for detecting and estimating per- 
oxides are described and cired by D a v i e ~ ~ ~ ' ~ ~ ;  he comments on 
several methods for detecting hydroperoxides and the problems of 
detecting dialkyl peroxides and polymeric alkylidene peroxides. 
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Fcrrous thiocyanate is reported to be more sensitive in detecting 
hydroperoxides than potassium iodide soh tion (recommended in the 
Manufacturing Chemists’ Association chemical safety data sheet SD-29 
for diethyl ether). The lTerrous thiocyanate test is as follows: 

Afresh solution of 5 cc of 1% ferrous ammonium sulphatc, 0.5 cc of 
1 N sulfuric acid and 0-5 cc of 0.1 N ammonium thiocyanate are mixed 
(and if nccessary, decolorized with a trace of zinc dust) and shaken 
with an equal quantity of the liquid to be tcsted; if peroxidzs are 
present, a red color will develop. 

Acidified ferrous thiocyanate used as a spray reagent for papcr 
chromotograpliy will detect 15 y of a hydroperoxide or diacyl peroxide, 
as cited by D a v i ~ s ~ ~ .  

The MCA method of testing for peroxides in diethyl ether, as des- 
cribed in SD-29, is as follows: 

Add 1 cc of a frcshly prepared 10% solution of potassium iodide to 
10 cc of dizthyl ether in a 25 cc glass-stoppered cylinder of colorless 
glass protected from 1ig!:t; when viewed xansveisely against a white 
background, no color should be scen in either liquid. 

I f  any yellow color appears whcn 9 cc of diethyl ether are shaken 
with 1 cc o f a  saturated solution of potassium iodide, there is more than 
0.005% peroxide and the ether should be discardedUe. 

A quantitative test for peroxide in tetrahydrofuran and dioxane is 
as follows 36 : 

To 50 ml of the ether add 6 ml of glacial acetic acid, 4 ml of chloro- 
form, and 1 g of potassium iodide; titrate with 0.1 N thiosulfate to find 
the perceni of peroxide, c q d  tci 

ml of Na2S203 x normality x 1.7 
weight of sample 

If the reaction is carricd out in acetic acid, air must be excluded by a n  
inert gas, or by the vapor of the boiiing solvent to prevent autooxida- 
tion of the iodidc35. Acctic anhydride or hot isopropanol can be used 
as the reaction medium. 

A method for rapid detection of traces of peroxides in ethers has 
been developed from the use of I\r,N-dimethyl-p-phenylenediamine 
sulfate to detect quantities of benzoyl and lauroyl peroxides 37. 

Davies refers to qualitative and quantitative estimztions, including 
both chemical and instrumental methods 35 .  

It  is also reported35 that dialkyl peroxides can be detected only 
after they hayle been hydrolyzed to hydroperoxides under strongly acid 
conditions, and that no satisfactory method appears to have been 
developed for the estimation of alkylidene peroxides 32. 
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3. Inhibition of peroxides 
No singlc method seems to be suitable for inhibiting peroxide forma- 

tion in all types of ethers, although storage and handling under an 
inert atmos?here would be a generally useful precaution. 

Some of the materials which have been used to stabilize ethcrs and 
inhibit formation of peroxide include the addition of 0-001 yo hydro- 
quinone or diphenylamine 33- 35, polyhydrosyphenols, aminophenols, 
and arylamines. 0.001 g of pyrogallol in 100 cc ether was repcrted to 
prevent peroxide formation over a period of two years32. Water will 
not p?-evetztJomation of pe7oxides in ethers, and iron, lead, and aluminum 
will not inhibit the peroxidation of diisopropyl ether 38 although iron 
does act as an inhibitor in diethyl ether. Dowex-1 has been reported 
effective for inhibiting peroxide formation in diethyl ether39; 100 
p,p.m. of 1-naphthol for diisopropyl ether 40, hydroquinone for tetra- 
hydrofuran 41, and stannous chloride or ferrous sulfate for dioxane40 
and substituted stilbenequinones have been proposed 42 as stabilizers 
against oxidation of ethers and other compounds. 

4. Removal of peroxides 
Reagents which have been used for removing hydroperosides from 

solvents are reported by Davies32 to include sodium sulfite, sodium 
hydrogen sulfite, stannous chloridc, lithium aluminum hydride 
(caution: see notes in sections 1I.G and IV.S), zinc and acid, sodium 
and alcohol, copper-zinc couple, potassium permanganate, silver 
hydroxide, and lead dioxide. Decomposition of the peroxides with 
ferrous sulfate is a commonly used method-454 g ( I  Ib) of 30% fer- 
rous sulfate solution in water is added to each 11.4 1 (30 gal) IR. Cau- 
tion is needed since the reaction may be vigorous if the solvent con- 
tains a high concentration of peroxide. 

Reduction of alkylidene or diallcyl peroxides is more difficult but 
reduction by zinc in acetic or hydrochloric acid, sodium in alcohol (see 
note. on case of ignition of hydrogen liberated from water), or the 
ccpper-zinc couple might be used for purifJring solvents containing 
these peroxides 32. 

Addition of one part of 23% sodium hydroxide to 10 parts of diethyl 
ether or tetrahydrofuran removed peroxides conipletely after agitation 
for 30 minutes; sodium hydroxide pellets reduced but did not remove 
the peroxide contents of teterahydrofuran after two days 28.  Addition 
of 30% N chloroform to tetrahydrofuran inhibited peroxide formation 
until the eighth day with only slight change during 15 succeeding days 

:: 
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of tests2*. The peroxides were removed from the mixture by agitating 
it with 1% aqueous sodium borohydride for 15 minutes (with no 
attempt made to ineasurc temperature rise or evolution of hydrogen). 

A simple method for rcmoving peroxides from high quality ether 
samples without need for distillation apparatus or appreciable loss of 
ether consists of percolating the solvent through a coluinn of Dowex-1 
ion-exchange resin39. A column of alumina was used to remove per- 
oxides and traces of water fi-om diethyl ether, dibutyl ether, and 
dioxane 44 and also for rcmoving peroxides from tetrahydrofuran and 
diisopropyl ether 33. 

Calcium hydride can be used for obtaining anhydrous and peroxide- 
free b - d i ~ x a n e ~ ~ ,  by refluxing followed by distillation. The use of 
sodiim and potassium borohydrides to reduce peroxide in tetrahydro- 
furan and diethylene glycol diinethyl ethcr (diglyme) and to inhibit 
them for some time against further peroxidation has becn reported 46. 

For removing peroxides fi-om ethers the need and \ d u e  has been 
expressedz4 for an insoluble solid which can be separated by filtration 
or decantation. Cerous hydroxide (Ce(0H) 3) fulfills these require- 
m e n t ~ ~ ~ .  Cerous hydroxide, prepared from a cerous salt solution by 
sodium hydroxide, changes from white to reddish brown within a 
minute or two after addition to an ether if peroxides are present; 
removal of peroxides can be completed within 15 minutes. The per- 
oxyceric compound and unchanged cerous hydroxide can be removed 
by centrifugation (cautios .- flammable vapors ignite if the centrifuge is 
electric and not explosion-proof) and decantation. After treatment 
-,yj:h r,erous hydycdt :  each cf twe!ve ethers which hzd p r e r G ~ s ! y  
contained peroxides gave negative potassium iodide tests. After the 
removal of peroxides, thc ethers were tested for the presence of cerium 
by the benzidine test, with negative results except for ally1 ethyl ether 
and benzyl n-butyl ether. I t  was noted that di-t-butyl peroxide did not 
liberate iodine from acidifid potassium iodide solution nor did it 
react with cerous hydroxide 47. 

V. PROTECTIVE MEASURES 

A. Ventilation 
Laboratory ventilation systems must effectively remove flammablc 

and toxic materials that become airborne and at the samc time 
exhaust a minimal volume of air, in order to meet the needs of both 
safety and economy. Some recoriimended designs for hoods, ventila- 
tion, equipment, and related subjects are treated in references 48-53. 
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5. Control of Sources of Ignition 
Explosion-proof electrical outlets, lights, motors, blenders, centri- 

fuges, and refkigerators are available for use in atmospheres whcre 
flammable vapors and gases may not be controlled completely by 
ventilation or other means. Equipmcnt which is explosion-proof 
should be tested, labeled, and listed by a nationally recognized testing 
laboratory. 

Electrical heating appliances should either not be capable of heating 
to the ignition temperature of flammable materials used or should be 
prevented from reaching that temperaturc by limiting devices. 

Arcing contacts of autotransformers can be separated from flam- 
mable vapors and gases by immersion in oil, or by enclosing and 
purging with air or nitrogen”. 

C. Containers and Labeling 
The volume, material, and labeling of containers for chemicals have 

a significant bearing on prevention and control of laboratory acci- 
dents. The duration and intensity of laboratory fires will be greatly 
increased if large volumes of flammable solvents become involved, 
which is likely to happen if there are many glass bottles or cans larger 
than one litcr stored in the laboratory. Inadequate labeling of con- 
tainers can be expected to result in problems if the contents cannot be 
identified quickly and positively, if the age of contents which may 
peroxidize cannot be determined readily, or if the fire, health, and 
reactivity hazards of’ the contents must be found in a handbook by 
reference to a library. 

The  need f o r  adequate labeling extends f a r  beyond the immediate requirements 
o f  the indiuidutrl user, since the individual userrncy not bepresent in case 13fjre OT 

explosion when containers are broken or spilled, and he may not be around years 
later when the containers have deteriorated or otherwise lost their cake. There- 
fore, wax pencil markings, abbreviations, formulas only, and code 
names or numbers should be avoided in favor of adequate labels. 

Recommendations for information that should be considered for 
inclusion on the label are12: ( a )  name of the chemical, preferably the 
chemical name, or the types of chemical; ( b )  signal word to indicate 
severity of hazard (e .g .  ‘danger’, ‘warning’, or ‘caution’); (c) state- 
ment of hazards, with most serious first; ( d )  precautionary measures 
to be taken to avoid injury or damage from hazards stated; and ( e )  
instructions in case of contact or exposure if results are severe and 
immediate action may be ncccssary. 
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I t  is recommended that labels for laboratory chemicals are dated 
when issued and marked with the name of the user, particularly in the 
case of liquids which tend to peroxidize or which are not common. 
Flammable and combustible liquids should be labeled to include their 
flash point, as a means of recognizing needs for ventilation, ignition 
source control, or other precautions. A special hazard labeling has 
been described 56. 

Whenever practicable ethers with flash points below 60" c should 
be stored in metal safety cans which have spring-loaded lids to 
prevent rupture from overheating, and which are approved by a 
national testing laboratory. Safety cans with flash arresters in the 
pouring spout will prevent flashbacks from igniting the contents. 

D. Fire-protected Storage 
The greatest need of fire-protected storage is for cheniicals which 

are easily ignited, difficult to extinguish, or burn with great rapidity. 
Organic peroxides, azo compounds, pyrophoric metals,, and flammable 
liquids are some of the types of chemicals which need separate and 
fire-protected storageg* 56. 67. 

E. Personal Protective Equipment 
Laboratory personnel should consider both the regular and the in- 

frequent needs for personal protective eqniprnent, and should acquire 
and practice the use of such equipment, including eye protection, face 
and hndy shields, fire retardant clothi--,, 

Since the most serious eye injuries in laboratories seem to have 
resulted from explosions, the basic eye protection should be able to 
stop flying objects f rom the-fiont andfionz the side. Spectacles with side sliieldr 
seem to be the best basic protection againrtj'ying objects, and to a f v d  a reason- 
able measure of protectim against droplets which may be splashed up. Although 
safety-glass spectacles with side shields are inore cxpensivc than plastic 
goggles or eyeshields, the higher initial cost seems to be justifiable on 
the bases of comfort and wearability, optical quality, cleaning abra- 
sion resistance, and d ~ r a b i l i t y ~ ~ .  

Allowing laboratory personnel to wear ordinary glasses when eye protection 
is required creates a false sense of secuiity and the erroneous assumption tlzat 
ordinary glasses provide a creditable degree of protection. 

I n  a model law proposed as an cye safety legislation guide", the 
requirement for wearing eye protective devices would include every 
student and teacher in school, college, and university laboratories. 

nu hayd nrntrrtigfi58-61- :-- - ----- 
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F. Disposal Methods 
The collection, handling, transport, and final disposal of hazardous 

laboratory wastes is the subject of a recent book62 and of several 
r e p o ~ - t s ~ ~ - ~ ~ .  

A good example of an cxcellent disposal procedure, as well as the 
hazards of ether peroxides, is provided by this excerpt from a report 34 

on the disposal of a half-full 500 ml bottle of diisopropyl ether: 
About 5 g of a crystalline solid, presumably the peroxide, was just 
discernible at  the bottom of the brown glass bottle, which was stop- 
pered with a cork and had bcen stored in the dark. We did not try to ofien 
the bottle. When we broke it by reniofe control behitid a safety wall in crr ou!door 
disjosal unit, the bottle exploded with a report that brought enquirers 
out of a nearby building. 

VI. SOURCES OF INFORMATION ON HAZARDS 

The American Industrial Hygiene Association (AIHA), 14125 Prevost 
Street, Detroit, Michigan 48227, has over 120 Hygienic Guides at the 
present time and regularly publishes additional guides in their journal, 
wl&Ai concisely lists rzcommended maximal atmospheric concentra- 
tion, severity of hazard, significant control procedures, and specific 
procedures which are known for first aid, biochemical assay, and 
special medical procedures. 

The Manufacturing Chemists' Association, Inc. (MCA), 1825 
Connecticut Avenue, Washington, D.C., 20009, has over 90 Chemical 

TABLE 6. Chemical hazard data guides available. 
~~ 

Compound AIHA MCA R'SC 

Dioxane 
Epichlorohydrin 
Epoxy resin systems 
Ethylene glycol monobutyl ether (Butyl- 

Ethylene glycol monoeth>-l ether (Cellosolvc) 
Ethylene glycol monomethyl ether (Methyl- 

cellosolve) 
Ethylene oxide 
Diethyl ether 
Propylene oxide 
Tetrahydrofuran 

cellosolve) 
.+ 
B 

38 
29 
- 

- 
396 
- 

~~~ 

* Guide sheers for these chemicals arc availablc from AII-IA. 
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Safety Data Sheets available, as well as fourteen Chemical Safety 
Guides, and numerous Maiiuals of Standard and Recommended 
Practice, and an excellent film Safety in the Clzemical Laboratory. Chemi- 
cal Safety Data Sheets give the hazardous properties of chemicals and 
essential illformation for safe handling, storage, and use. They out- 
line employee education and training, personal protective equipment 
recommendations, descriptions of health hazards, and methods of 
control and information on waste disposal. 

The National Safety Council (NSC), 425 North Michigan Avenue, 
Chicago, Illinois 6061 1, publishes Data Sheets developed by its 
chemical section. 

Table 6 lists the various data guides which are available. 
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C-O-CH3 bond, enzymatic cleavage 

C-0 linkage reactivity, versus G-S 

Combination of methyl radicals-see 

Complex metal hydrides, in ether 

ethers vcrsus (oxygen) ethers 

actions of 220-233 

220 

220 

linkage 584, 585 

Methyl radicals 

cleavage reactions 65-70 
tracer studies on 70 

of thioethers 596-601-see also Sul- 

in sulfur-oxygen conversion 542, 

Complexation-see also Interactions 

fonium compounds 

543, 547, 578 
physical methods of detection 251 
with heavy metals 529: 542,543,547, 

Complexes-see also Coordination com- 
poilnds, oxonium salts, sulfonium 
compounds, etc. 

aluminium salts, etherates 53, 58, 

54Rj 600, 601 

277,278 
ether reactivity order 53 

lithium aluminium hydride oxonium 

antimony compounds, etherates, 282 
auric halides etherates 278 
boron trichloride ethers 53, 54, 276 
boron trifluoridc etherates 

salts 263 

decomposition 55 
electron diffraction studies 270 
ether exchange 275, 276 
in cleavage reactions 54, 57, 58 
inductive effect 275 
in formation of trialkyloxonium 

salts 267-268 
i.r. studies 276 
n.m.r. studies 276 

Complexes-cont. 
Rarnan spectra 270 
relative basicity of ethers 276, 278 
stabiliiy order 275 
steric effects 279, 294 
structure 270 
thermal dissociation 275 

cadmium salts, etherates 279 
charge-transfer 249, 282, 293, 426- 

see a h  Complexes weakly bon- 
ded 4.53 

chromium halide, etherates 280 
classification 25 1-293 
cobalt salts, etherates 280 
complex acid dietherates 257 
complex halogen acid cthcriltes 254- 

257, 597 
ether exchange 256 
in trialkyloxonium salts formation 

preparation 255 
properties 254-256 
reactions 255, 256 
structure 256 
use in metal extraction 257 

267 

dinitrogen tct:roxide etherates 281, 
282, 294, 296, 298 

chelation 298 
ring-size effects 296 
steric effects 294 
structure 282 

chelation 298 
conjugative el-Ecis 294 
electronic effects 261, 262 
inductive effect 275,289,290,293, 

ring-size effccts 272,275,279,289- 

solvation 264, 265, 273, 274, 283, 

steric effcct 254,261,262,275,294 

factors effecting strength of 295-298 

294 

291, 295-297 

285, 297, 298 

ferric halide, etherates 280, 281 
gallium salts, etherates 278 
germanium halide, etherates 279 
hydrogen bonded-see Hydrogen 

hydrogen halide etherates, concen- 
bonding with ethers 

tration effect on conductance 
258.259 - I  -~~ 

hydrogen halide to ether ratio 258 
in clcavagc reactions 2646,  259, 

isotope clfcct 258 
Raman spectra 259 

260 
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Complexes-cont. 
indium halides, etheratcs 278 
mercuric halides, etlieratcs 278 
molybdenium compounds, etheratcs 

niobium halides, etherates 280 
nonionized coordination 269-282 
organoaluminium compounds ethcr- 

280 

atcs 278 
inductive effects 294 
steric effects 294 

organoboron compounds, etheratcs 
276,277 

in sodium oxonium salts 264 
organochromium etherates 280 

sacdwich structure 280 
organolithium etherates 270-272 

ionic versus covalent structure 27 1, 

i.r. studies 272 
kinetic effect on polymerization 

n.m.r. studies 2 i2  
oxonium salts 263, 266 
stoichiometry 271, 272 

organozinc etherates 279 
ring-size effects on 279, 295 

phosphorus pentafluoride ethcratcs 

properties, correlation with base 

correlation with stoichiometry 250, 

2 72 

271 

282 

strength 250, 251 

25 1 
sckliium Lriuxicie, etherares 28i 
silicon halide, etheratcs 2 i 9  
stannic halide, etherates 279 
strong-.we also Osonilm salts 

menis 247, 248 

tion 248 

equilibrium constants nieasure- 

i.r. correlation with heat of forma- 

Lewis theory treatment 247 
n.m.r. correlation with stability 217 
strength of intraction 246 

sulfuric zcid ctheratcs 252, 254 
sulfur trioxide ctheratc-s 28 1 
tantalum halide etheratcs 280 
titaqium compoL?iids, ctheratcs 279, 

tungsten compounds, ethcratcs 280 
urmyl salt, etherates 280 
weakly bonded-sce also Intcractions 

280 

282-293 
basicity 283 
C T  band 249, 284, 285 

25 + C.E.L. 

Complexes-conl. 
correlation of polarity with 

strength 284 
cryoscopic studies 248 
hydrogen bonding with ethers 

spr-ctroscopic studies 283 
wave function 243 

2 86-2 93 

with halogens 283-286, 296, 297, 
598,599 

rn complexes 286 
CT band 284,285 
dipole moment measurements 284 
of selenoethers 598 
of thioethers 598 
x-ray studies 286 
relative donor abilities of ethers 

284,285 
ring-size effects 296 
solvent effects 283, 285, 297 
strength mcasurementj 283, 284 
1i.v. studies 284 

with heavy metal salts, iii selenium 
to oqgen  conversion 542, 547, 

in sulphur-oxygen conversion 542, 

of thioethers GOO, 601 
x-ray diflraction studies 243 

zinc salts, ethcrates 279 
zirconium Iialidcs, etlicrates 279 

Complex-forming bond, strength of 529 
Conjugated ethers, bonding in 11-14 
Conjugalion 9, 51, 92, YY, $46 

548 

547,548 

in aryl ethers 11, 12 
in cyclic ethers 13, 14, 377, 378 
in vinyl ethers 12 

Conjugative effect 100, 101, 102, 104- 
106, 132, 133, 141-sce also Sub- 
stituent eKect-see also Strain 
inhibition of 

in nucleophilic aromatic substitiiiion 
151, 152 

in solvolysis 1 14, 1 15 
of cther groups 83-85, 87-89 
of stcric inhibition of 85, 87, 257 
on complex strength 294 
on hydrations 567 
on thioether addition 596 

Conjugative interaction, between sub- 

Conjugative properties of oxygen, sul- 

Constitutional influence, on cleavage 

stitucnts 148-1 50 

fiir and selenium 527 

reactions 38 
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Conversions into thio compounds 529- 

acid catalyzed 53 1,532,535,544,545 
base catalyzed 533-535, 548 
elimination-addition mechanism 546 
similarity to alkylation by Mannich 

thermal methods 529-531, 543, 544 
with P2S, 537 

Coordination compounds, of alkaline 

of Group I1 organometallics-see also 

of Group I11 elements 274-278 

539,543-547 

bases 539, 546 

earth halides 272, 273 

Grignard reagent 

Cope rearrangement versus Claisen re- 

Correlation energy of electrons 11 
C-Pb linkage 134 
C - S  bond, selective splitting 542, 543, 

547,578 
C - S  linkage, cleavage by thermal 

reactivity versus C-0 linkage 554, 

C-S-C bond, versus G-0 -C  bond 
-see Thioethers vcrsus oxygen 
ethers 

cleavage in unsaturated thiocthers 
575 

conversion to G-0-C bond 547, 
548 

interconversion with G-0-C and 
G-Se-C bonds 522-548 

*S--C grouping, occurrence in 
natural products 208 

C-Se linkage, nucleophilic cleavage 
versus G-S linkage 579, 580 

C - S c C  bond fzctors effecting con- 
version to G - 0 - C  bond 547,548 

interconversion with G-0-C and 
C-S-C bonds 522-578 

G-Se-C  grouping, occurrcnce in 

G-Sn linkage 134. 
C-Te-C occurrence in natural pro- 

ducts 208 
a-Cyanoethers, photochemical forma- 

tion 362, 363, 427, 428 
Cyclic acetals-see also Acetals 

autooxidation 343 
bromination with NBS 342 
chlorination 342 
epoxidation 336 
formation in basic media 324 

arrangement 644 

halogenation 602 

585 

natural products 2G8 

by transacetalization 32 1, 322 

Cyclic acetals-con!. 
hydrolytic cleavage 334 
intramolecular hydride shift 341 
photochemical conversion into esters 

radical attack on 345 
reaction of, with Grignard reagent 

with ozone 332 
Cyclic ethers-see also specific com- 

pounds and Cyclic thioethers 

369 

332 

acetalization of 425 
a-acetylene, formation of 424 
basicity of 378, 379, 528 

measurements 378 
order 378 
relation to polymerization rate 380 
solvation effect 378, 379 
steric eflccts on 378 

biogensis of 2 17, 2 18 
bond dissociation energies 3 i 5  
carbene insertion 415 
cleavage of, acid catalyzed 27-30, 

4246, 419, 12 1 
base catalyzed 49-53 
by complex metal hydrides 66-70 
by metal halides 54, 55 
by nuclco2hilic ring formation 

414-416 
by organometallic compounds 60, 

62, 63 
by organosilicon compounds 73,74 
by oxidative ring formation 416- 

by photoadditions 41 1-414 
catalytic 420, 42 1 
frce radical 74 
nucleophilic 4 19 

conjugation energies 375 
conjugation in 13, 14 
conversion into cyclic thiocthers 422, 

53 1, 536, 53 7 
conversions into ketones 420, 42 1 
free-radical alkylation of 428-430 

4i9 

acetylene addition 430 
chain mechanism 428 
olefin addition 428-430 
rcarrangernent 428 

free-radical reactions of 425430 
free-radical replacements of, by 

acylosy group 427 
by alkoxy groups 426, 427 
by cyanides 427, 428 
by halogens 427 
by oxygen 426 
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Cyclic ethers-cont. 
free radicals from: ease of formation 

stability order of transition states 
429, 430 

430 
hydroformylation of 425 
hydrogen bonding in 289 
perester acyloxylation 427 
perester allcoxylation 426, 427 
physical measuremcnt, clectronic 

spectra 377, 426 
infrared 376, 378 
mass spectroscopy 356 
n.m.r. 377 
0.r.d. 376 

tetracyanoethylene 365 
photoaddition to, allcenes 364, 365 

photochemical cyanation 362 
photochemical rcactions of, with acid 

chlorides 368 
with carbonyls 361, 362 
with peresters 364 

photohalogenation 367 
photolysis 355-357 
pK values 254, 260, 292, 297, 374 
polymerization 380, 381-see also 

pyrolysis 193 
rclative donor abilities in iodine com- 

ring opening and rearrangement 55- 

ring-opening rate 374 
ring-size eKecects, on hydrogen bond- 

ing 289-29 1, 296 
on iodine complesation 283-285, 

polymerizations 

plexation 285 

58 

296 
steric inhibition of resonance 254 
strained systems 14 
strain energies 375, 376 
tlermal reaction with percsters 

with dichIoro carbene 603-605 
364 

Cyclic epoxy ketones, pliotorcarrange- 
ment 406, 407 

Cyclic hemiacetals, determination of 
equilibrium position 313, 3 14, 

formation 313, 314 
in enzymztic mutarotation 232 
ring-size effects on 314 
stability 3 1 1 
Wittig reaction of 424 

conversion to cyclic oxygcri ethers 
Cyclic thioethers, basicity of 328 

415 

Cyclic thioethers-cont. 

ment 607 
preparation, by Claisen rearrange- 

from carbonates 533, 534 
from /3-diakoxy thioethers 593 
from /?-halo thioethers 593 
from P-hydroxy thioethers 593 
from mcrcapto kctones 538 
from oxygen ethers 531-534, 537 
from y-pyrones 536 
from pyrillium cation 537 

with dichlorocarbene 603-605 
Cyclic systems, strain energy of 376 
Cyclization-see also Cyclic compounds 

of chlorohydroxy alkanes 41 5 
of diazokctones 415, 416 
of diols 414, 415 
of w-halo carbonyls 324 
of methoxybromo alkanes 415 

Cycloalkanes, strain cnergies 376 
Cycloalkyl ethers, Wittig rearrange- 

Cyclochloro carbonate, decomposition 

Cyclooctene oxide, base-catalyzed re- 

transannular hydride transfer 403 

ment 623, 624 

to chloro epoxides 388 

arrangement 404 

Cyclopropyl compounds from epoxides 
392, 393 

Dealkylation, enzymatic 220, 22 1 
Deboronation 140 
Dedeuteration i37, 140, 143-145 
Degermylation ! 3 7, 140 
Dehydration of alcohols-see Etherifica- 

Dehydrohalogcnations, of a-halo ethers 
tion in acidic medium 

589-591 
carbene intermediate 591 
thermal 583 
with strong bases 590, 591 
with weak bases 589, 590 

of u-halo thioethers 589, 591 
Dclocalization, in the ether linkage 

Dclocalization energy-see Energy reso- 

Demctallation 134, 140 
Deoxygenation of epoxidcs by phos- 

phines and xanthates 392 
Deplumbilation 134, 140 
Desilylation 88, 137, 140, 141 

Destannylation 134, 140 

8, 9 

nance 

into mercury compounds 134 



760 Subject Index 

Desulhxization with Rancy nickel 576- 
578 

in cantharidine synthesis 576 
in carbonyl reduction 577, 578 
in lieterccyclic conipounds syntlicsis 

in structurai studies 577 
577 

Detritiation 137, 140, 141 
o$-Dialkosycarboxylic acid esters, for- 

mation 339, 340 
Dialkylacyloxoniuxn salts 269 
Diallyl ethers, prototropic conversion 

Diallyl thioether, prototropic conver- 

Diary1 ethers, preparation 454-456 
Diazo compounds-see also rcspectivc 

609 

sion 609 

compounds 
alkylation with-see Alkylation 
ethers from 478-488 
from azine oxides 483, 484 
photolysis 483 
thermal decomposition 482, 183 

Diazoauorcnes, hydrolysis of 156 
a-Diazoketones, u-alkoxy ketones froni 

480482 
cyclization 70 
kcto tetrahydrofuran from 415, 416 

Diazomethane, methylation of alcohols 

methylation of oronium salts with 

Diazonium compounds, photodecorn- 
position in alcohols 487, 488 

thermal decomposition in alcohols 

honiolytic mcchanism 485, 487 
hydridc transfer ineclianisni 485 
role of acid 487 
role of alcohol 485, 486 
role of oxygen 487 
side products 484,486 
Sxl mechanism 484-487 
substituent cffcct on 486 

151 

with 478480 

268 

484487 

Diazoxiium ions, decomposition of 150, 

Diazooxides, polymerization of 52 1,522 
Diclilorocarbece addition, to ethers 604 

Dieckmann condensation of thioethers 

Didectric constants 33, 46 
Diels-Alder reaction, in estimation of 

Claisen rearrangement intermedi- 
ates 637 

to thioethers 604, 605 

565 

Diels-Alder reaction-cont. 
versus Claisen rearrangement 644 

Dienoncs, as intcrmcdiates in Claiscn 
rearrangemcnt-see Claisen re- 
arrangement, intermediates 

Dicnone-phenol photorearrangcment 
407, 408 

Dietliyl ether pyrolysis 179-186 
activation encrgics 185 
frequcncy factor 186 
mechanism 179, 182-186 
nitric oxidc inhibition 180, 182, 185, 

186 
,€3 radical 184 
p raclical 184 

cleavage with Grignard reagent 582, 
583 

sy-thesis 415 

Dihydrofurans synthesis 41 5 
Dihydropyran-see also Oximes 

Diketoncs, 1,4-photoadcIi:ion to ethers 

Diniethyl ether pyrolysis 168-179 
activation cncrgies 170, 177 
frcqucncy factor 170, 177 
hydrogen chloride catalyzed 172 
hydrogen sulfide catalyzed 172, 174- 

262 

177 
catalytic effect 179 
mcchanisrn 174-177 

i x r t  gas effcct 169, 171 
mechanism 170, 173, 178, 179 
nitric oxide inhibition 187 
/3 radical IbY-113, i78 
IL radical 169, 172 
reaction order 169 
tracer studies 170, 171 
trace tcrmination products 172 

Diols, cyclization of 414, 4i5 
Diplienyliodonium salts 455, 456 

mechanism of hydrolysis 455, 4.56 
Diphenylniethylation 140, 144, 145 
O,O-Diphenyl thiocarbonates, thermal 

rearrangement into 0,s-diphenyl 
thiocarbonatcs 530 

Dipole-dipole interaction 246 
Dipole-induced-dipole intcraction 246 
Dipole moments, of iodine in ethers 

284 
of simple ethers 8 

Direction of cleavage-see Cleavage 

Directivc effccts of ether groups 81-166 
Disaccharides biosynthesis, equilibrium 

pattern 

constants 2 15 
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Eisproportionation of free radicals 65 
Dissociation--ssc niso Ionization 
Dissociation constants, of benzoic acid 

Diyne, synthesis of 56 1 
Donor abilities, relative, of ethcrs in 

derivatives 127 

iodine complesation 285 
structural effects on 275-282 

Electrolysis of carboxylic acids--sec also 
Kolbe electrolysis 

a t  higher voltage 459 
in acetal synthcsis 326, 491, 4.92 
in quinone ltetal syntlicsis 326 

Electron delocalization in the ether 
linkage 8, 9 

Electron donor ability of ground state, 
correlation with weak interactions 
248 

correlation with dcviation from ideal 
bchaviour 250 

Electronegativity, of oxygen 5, 7, 528 

Electronic configuration of oxygen, 
of sulphur and seleniuni 528 

sulfur and selenium 528 
Electronic effects, on camplex strength 

261, 262 
on electrophilic addition to thio- 

on epoxidatioc of olefins 382 
on cpoxide cleavage 27,51, 395,398 
on Smiles rearrangement 476, 477 
33 :hicc:!;c; Gi&&z 53: 
on trans etherification 452 

ethers 566 

Electron organization in ethers 1-19 
Electron spin resonance studies, of 

sodium diphenyl ether 71 
of sodium naphthalene 265 
of stereoselective catalysts 510 

Elcctron transfer during reductive 
cleavage of thiocthcrs 573 

Electrons, correlation energy of 11 
r Electrons, in carbonyl and nitrilc 

groups 13 
in vinyl ethers 12, 13 
population in furan 13 

Electrophilic additions, to unsaturated 

to unsaturated thioethers 566-57 1 
ethers 566-57 1 

electromeric effect 566 
of alcohols 570 
of aldehydes 571 
of gaseous HC1 571 
of ketones 571 

Electrophilic additions-con!. 
to unsaturatcd thiocthers--co,zf. 

of thiols 570 
polarization 566, 567 

Elcctrophilic aromatic substitution, 
115, 132-150 

dkoxy substituents in 133-150 
mechanism (general) 133 
orientationaleffccts 136-1 39,142-1 50 
partial rate factors 134-135 
selectivity 135-1 36 
steric cffects in 134 
tracer studies, isotope exchange 133 

Electrophilic reactions, in nonaromatic 

Elimination, cis pyrolytic 190 
cycIic pyrolytic 191-193 
during cleavage reactions 58-62, 65, 

a-Elimination, during Wittig rearrange- 

systems 154-157 

73 

ment 625,626 
of orthothioesters 560 

Elimination-addition mechanism in 

P-Elinlinatioii 48, 559, 561 
of thioacetals 561 
of thioethcrs 559-561 

ethcrs conversion 546, 547 

:)-Elimination of thioethers 560 
I,P-Elimination, of benzyl cthers 608, 

609 
of benzyl thioethers 609 
of vinyl thioethers 561 

1,4-EIirnination of butynediol, thio- 
ethers versus butynediol (oxygen) 
ethers 562 

Elimination reactions of thioethers 
versus (oxygen) ethcrs 559-563 

Encrgies, strain in cyclic systems 376 
Energy barrier of internal rotation of 

C-0-C and C-S-C bonds 
527,528 

Energy correlation, of the electrons 11 
Energy of activation, of acetaldehyde 

pyrolysis 196 
of acctonc pyrolysis 195 
of ally1 ether pyrolysis 191 
of diethyl ether pyrolysis 185 
of dimethyl ether pyrolysis 170, 171, 

of ethane photolysis 202 
of ethane pflolysis 200 
of hexafluorobenzene displacement 

with alkoxides 750 
of methyl radical combination 194, 

198 

177 



762 Subject Index 

Energy of dissociation, of the ether 
linkage 11 

of cyclic ethers 375 
Energy of hybridization 9 
Energy of ionization 9, 10 

of simple oxygen compounds 16 
of the oxygen atom 5, 528 
of the selenium atom 528 
of the sulphur atom 528 
of thioethers 17 

Energy of promotion 7 
Energy of resonance 9 

Energy of the ether linkage 11, 528 
Enol ethers 

in furan 13 

biogensis 2 18, 2 19 
thermal rearrangement 660-663 

chain transfer 662 
free-radical n;echanism 662 
intrrmolecularity 660, 661 
ion-pair complex 661 
mechanism 660-663 
nucleophilic mechanism 662, 

side products 660, 661 
side reactions 660-662 
stereochemistry 662, 663 
iracer studies 661 

663 

Entropy of activation 90 
changes in by p-methoxy substituent 

for base-catalyzed cleavage 50, 5 1 
of cyclic ether cleavage 43, 44 
of ether cieavagc 25, ZY, 37, 41 
of solvolysis 1 16 

Enyne ethers, isomerizatioii 56 i 
elimination 561 

Enyne thioethers, /%elimination 561 
formation 562, 563 
prototropic rearrangement 564 

88 

Envnes. svnthesis Qf 557-559 
Eniymitic cleavage of C-O-CH~ 

bond 220 
Enzymatic dealkylation 220, 22 1 
Enzymatic displaceinents, double 229, 

Enzymatic glycoside synthesis with 

23 1 
single 228, 231 

mechanism 215, 216 
regulation 216, 217 
stereochemistry 2 16 

sugar nucleotides 2 14-2 17 

Enzymatic hydrolysis of 0- and S- 
glycosides 22 1-229 

Enzymatic methylatior? 225 

Enzymatic mutarotation-see Muta- 

Enzymatic transfer of 0- and S-glyco- 

Enzymes, as catalysts for transmcthyla- 

spccificity for glycosidic linkagc syn- 

specificity for phosphorolysis of 0- 

with specificity for glycosidic linkage 

Epichlorohydrin, llydrolytic cleavage 
4346-see also Epoxides 

with amines 394 
with potassium cyanide 393, 394 

Epimerases 231-233 
Episulficlcs, formation from epoxides 

Episulfonium ions 569, 570, 591-595 
in alkynyl thiocther formation 595 
in @halo-/?-hydroxy thiocthcrs intcr- 

in fi-halo thioacctals rearrangement 

in nuclcoside synthesis 594 
in sulfenyl halides additions 594, 595 
in sulphur dichloride additions 594 

Epoxidation rates with peracids 38 1,382 
Epoxides-sce also Cyclic ethers 

acid cleavages 27, 28, 33, 34, 12-46, 

rota tion 

sides 221-229 

tion 

thesis 2 13-2 15 

glycosides 229 

22 1-226 

532, 533, 545, 546 

conversion 592-594 

593 

395-398 
A2 mechanism 42, 44, 395 
electronic effects 27, 395 
neighboring-group effect 395, 396 
normal versus abnormal 28,4446, 

396,397 
organic acid catalyzed 28,397,398 
solvent effects 396 
stcreochemistry 33, 34, 395-398 
stcric effects 27 
structural effects 397 
substituent effect 45, 395, 397 
versus nentral cleavages 397 

analytical determinations 677, 678 
base c!eavages 46-47,49-52,398400 

elcctronic effect 51 
Michalis-Menten fermentation 52 
normal versus abnormal 50-52 
polymerization during 398 
solvent effects 51 
steric effects 398 
substituent effect 51 
versus acid cleavages 49-51, 398 
with axnine2 398-400 
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Epoxides-cont. 
clcavage, by complex metal hyclrides 

by metal halides 55-57 
by organomctallic compounds 62 
by organosilicon compounds 74. 

conjugation transmission 377, 378 
coilversion into thioethers 532-534, 

arid catalyzed 532, 533, 545, 546 
base cataiyzcd 533, 545, 546 
stereochemistry 545, 546 

67-70 

545, 546 

conversion into trithiocarbonatc 534 
cyclopropyls formation by organo- 

phosphorus compounds, mcch- 
anism 392, 393 

stcreochemistry 393 
deosygenation 392 
determination of substituent effect on 

ring-opening reactions 394 
electronic measurements 377 
frec-radical rcactions 74, 40841 1 

@ abstraction 410 
chlorination 388, 410 
dccomposition 408 
displacement 409 
initiation reaction types 408 
olefin addition 409 
pcroxide-catalyzed mechanism409 
polyrncrization 409 
rearrangements 409, 410 
ring opcning 74, 410, 41 I 

from carbenc 385 
from chlorohydrins 383 

mechanism 383 
tracer studies 383 

from olefins and oxygen 387, 388 
catalysts 387 
initiators 387, 388 
mechanism 387 
tracer studies 387 

stereospccificity 383, 381 
from unsaturated ketones 383, 384 

hc terocyclic compounds from 39 1 
ionic character 378 
i.r. mcasuremcnts 376 
mass spectral fragmentation 376 
n.m.r. measuremcnts 377, 378 
no-bond resonance 377 
0.r.d. measurements 376 
oxidation 390 
photochemical reactions 355-358, 

405408, 41 1 

Epoxidcs-cont. 
gas-phase photolysis 355, 356,405, 

408 
liquid-phasc photolysis 357, 358, 

405 
photolysis of epoxy kctones 406 
photorearrangement of epoxy ke- 

photorearrangement to aldehydes 
tones 406, 407 

405 
pyrolysis 406 
U.V. induced photolysis 405, 41 1 

polymerization 54, 281, 380, 501- 
516-see also Polymerization 

quantitative determination of 677, 
678 

reactions of, with amines 298400 
catalytic effects 398 
electronic effects 398 
HansoE equation 399 
normal versus abnormal cleav- 

age 399, 400 
solvent effects 400 
steric effects 398, 400 
structural eflect 398, 399 
substitucnt effect 398, 400 

with cthyl malonate 394 
with Grignard reagent 63, 393 
with mctal carbonyls 392 
with organogermancs 393 
with organometallic reagents 55- 

with potassium iodide 394 
57, 62, 63 

rcarrangernents, acid catalyzed 55- 
58, 386, 400-4O~-see also 
Epoxy kctones 

by peracids 400,401 
chiorine migration 401 
hydrogen migration 401 
of bicyclic epoxides 386, 400- 

of chalcone oxides 56-58, 402 
of chloro epoxides 401 
of steroid peroxides 4.03 
of tcrpene oxides 40 1,402 

carbene intermediate 404, 405 
of bicyclo epoxides 404, 4.05 
of halo epoxicies 403, 404 
thermal 400 
with organolithium compounds 

403 

base catalyzed 403-405 

403-405 
reduction 390, 391 
bv mctal hvdrides 390. 391 dienone-phenol photorearrange- 

ment 407,408 'catalytic'391 



Epoxides 
reduction-cont. 

solvent effects 391 
stereochemistry 390, 391 
temperature effect 391 

stcrcospecific /3-carbon-osygcn clea- 
vzge 394 

syntheses 381-388 
by pzracid oxidation of olcfins 

381-383 
electronic cffects 382 
in basic solution 382 
mechanisms 381, 382 
role of phosphate 302 
solvent effects 381, 383 
stereospecificity 381 
stcric effects 381 
tracer studies 382 

substituent effcct 384 
tmtrrlcis ratio 305 

ylides 386, 387 

by phosphorus triamide 384, 385 

by sulfoniuin and oxosulfonium 

axial versus equatorial addition 

side products 385 
stcrcochemistry 386, 387 
steric effect 386 

by sulfur ylides 599 
by Wittig reagent 384 

acid catalyzed 4.03 
thermal 403 

386,387 

transannular hydride shift 403 

Epoxy ethers, rcactions of, with acids 
Pan 
-0 I 

stercochemistry 394 
tracer studics 394 

with amincs 394 

361 
Epoxy ketones, photoisomcrization 360, 

photolysis 406 
photorearrangement 406, 407 
rearrangement by Lewis acids 55-58, 

402 
migratory aptitude 55 
of chalconc oxides 56, 57 
of triphenyl ethylene oxide 57, 55 

Epoxy radicals 74, 406, 408-41 1 
Equatorial addition of oxosulfonium 

Equilibrium constants, influcnce of 

Estimation--see also Analysis 

ylides 386, 387 

ethereal groups on 97-107 

of sequence lcngth in polymcrs 507, 
fin8 

764 Subject Index 

- - -  tions 

E #thane, pyrolysis 194, 19s-202 
activation energy 198, 200, 202 
inert gases cffect 198, 200, 201 
mechanism 158 
mcthyl radical combinaticn 198, 

199 
nitric osidc inhibition 200 
p radicals 198 

Etlianolysis 120, 123 

Ether bond-see C--0-4  bond- 

Ethcr group directive and activating 

cffect on reactivity a t  carbonyl car- 

substituent effccts of, on solvolytic 

of benzoyl halides 13 1 

also see Ethcr linkage 

effects of 81-166 

bonation 125-132 

reaction 112-1 15 
Ether linkage, atomic orbitals 3 

bond dissociation energy of 11 
bond energy of 11 
bond strength 3 
cleavage of 2 1-80-see also Cleavage 
force constant 3 
formation of 446492 
geometry of 2, 3, 11 
polarity of 8 

wavc function reprcscntation of 

Ether radicals 355, 357, 363, 408, 411, 
4.25, 426, 428-430-see also specific 
compounds and specific reactions 
like Photochcmical rcactions, 

thecry of 1-19 

6, 7 

Pj-iOPfSiS, c:c. 
formation 354, 355 
resonance stabilization 355 

anchimcric effect of 118, 123 
effect on carbonyl carbon reactivity 

effcct gn ionization constants 97 
effect on nucleophilic substitution 

cffect on solvolytic reactions 109, 

Hammet and related constants of 89 
in carbonyl methylene condensations 

in electrophilic substitutions 132, 154 
in radical reactions 157 
polar effect of 83 

Etherates-see Complexes 
Ethcrification-scc also Spccific reac- 

Ether substituents 81-160 

125 

107, 150 

130 

131 
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Etherifimtion--con&. 
by carbodiimides 468-470 

mechanism 469 
steric effects 468, 469 
tracer statics 470 

etherification of p-hydroxjr thioethers 

in acidic mcdium 457-460 
mechanism 457 
of ally1 alcohols 458-459 
of triphenylacetic acid 459, 460 
role of acid 457 
role of catalysts 458 
side reactions 458460 
with sulfuric acid 457, 458 

592 

Etherohydrohalogenosis 257 
Ethers-see also Ether linkage and 

specific compounds 
chemical reactivity of 16 
conjugated 11-14 
dipole moment of 8 
elvaporation rates of 682, 683 
excited state 14-16 
flash points 682, 683 
ipit ion temperature 684, 685 
ionization potentials 14-16 
U.V. spectra 14-16 
wave function for 12 

reactivity 183, 184 
recombination 154 
stability 184 

:hnx 4!x! 

Ethoxy ethyl radical, isomerization 184 

Ethoxy radicals 183, 184 
Ethylation of akohols with diazoe- 

Ethyiene oxide polymerization 501 
Ethyl radical 183 

decomposition 20 1, 202 
activation enei-gy 202 
in n-hutane pyrolysis 202 
inert gases effect 201 
in propionaldehyde pyrolysis 201, 

202 
Evaporation rates 682, 683 
Excited state, geometry of 11 

of complexes 249 
of ethers 14-16 
stabilization by hydrogen bonding 

Extinction coefficients-see U.V. spectra 
with ethers 287 

Fermi resonance 291 
Flash points 6, 82, 683 
Flavoncs, biogensis of 2 17, 2 18 
25% 

Formation, of ethers, by acetal hydro- 

by Kolbc electrolysis-see also 
Kolbe electrolysis 

by nucieopldic substitution 446- 
466-see also Nucleophilic dis- 
placement 

by reaction of organometallics 
470472 

by reaction of phosphorus com- 
pounds 473 

by thermolysis 473, 474 
by the Smiles rearrangement- 

see Smiles rearrangement 
from acetals 340, 341 
from azine oxides 483, 484 
from carboxylic acids-see Kolbe 

from diazo compounds 478-488 
from diazonium compounds 484- 

488-see ulso diazonium com- 
pounds 

genation 331 

electrolysis 

from peroxy compounds 470474 
Formcjlysis 120, 123 
Formyl radicals 178 
Free radicals-sce also Radicals and 

from cyclic ethers, ease of formation 

in Wittig rearrangement 624, 625 
order of reaction for types of initia- 

tion and termination 169 
Free-radical reactions-see also specific 

reactions like Pyrolysis, Photo- 
LI IL I Iu~LI I  A L.Ub.LI"i.,, - A l l u l  1 eac- 
tions, etc. 

Frequency factors, in pyrolysis of di- 
ethyl ether 186 

in pyrolysis of dimethyl ether 170, 
171, 173, 177 

Fricdel-Crafts alkylation, comparison 
with acid-catalyzed rearrangc- 
ment 630-632 

Fries rearrangement-see Photo Fries 
rearrangement 

specific compounds 

429,430 

-I---:-..1 ----A:--- T L  _--- 1 - 

Gas chromatographic separation 670, 

Glycosidases 22 1-230 
67 1 

mechanism of action 227-229 
stereochemistry 228, 229 

specificity 22 1-226 
structure 227 
versus phosphorylases 229, 230 
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Glycoside synthesizing, enzymes spcci- 

0-Glycosides-see also Enzymatic reac- 

conversion into S-glycosides 537-539 
conversion into niercaptals 538 
enzymatic reactions 

ficity of 2 13-2 15 

tions 

hydrolysis 22 1-229 
phosphorolysis 229-23 1 
transfer 22 1-229 

S-Glycosides, enzymatic hydrolysis 22 1- 
229 

enzymatic transfer 22 1-229 
fiom 0-glycosides 537-539 

Glycosidic linkagc, biosynthesis of 2 1 1- 

Grignard reagcnts, abnormal reaction 

addition to orthoestcrs 324, 425, 582 
addition to thioethers 572 

217 

64 

as cleaving agents 62-45, 419, 572, 
580-583 

of thioethers 580-553 
formation in THF 371 
from tetrahydrofurfuryl bromide 423 
reaction of, rearrangement of epox- 

ides 63, 401 , 404 
solvent effect on 273, 274 
structure 273, 274, 471, 472 
with acetals 331, 332, 582 
with t-butyl perbenzoate 472 
with clialkyl peroxides 470-472 
with epoxides 63, 64, 393 

with a-halo ethers 424, 589 
with u-halo thioethers 589 
with mercaptals 582 
x-ray studies 274 

ment of 360 

mechanism 63j 64 

Griscofulvins, photo Frics rearrange- 

a-Halo aldehydes, substitution of halo- 

w-Halo carbonyl compounds, cycliza- 

a-Halo cyclic ethers, reaction with 

Halo epoxides, rearrangements, basc 

gcn 330 

tion 324 

Grignard reagent 424 

catalyzed 403, 404 
by Grignard reagent 401 

a-Halo ethers 
acetals from 319, 320 
formation by photohalogenation 367 
formation from acetals 336 

Index 

a-Nalo ethers-cotit. 
halogenation 503 
reactions 16, 587-591-see also a- 

Wittig-!ike rearrangcinent 628 

rcactivity 591 

Halo thioetlicrs 

P-Halo ethers, preparation 591 

Halogcnirtion-.we also specific com- 
pounds 136, 137, 140, 143, 144, 

603 

415 

versions 595 

version 596 

147-150, 367, 368, 410, 427, 602, 

Halohydrins cyclization 381, 383, 

&Halo 6-hydroxy thioethers, intercon- 

a-Halo w-hydroxy thioethers, intercon- 

P-Halo thioacetals, rearrangcment 593 
spontancous climination 593 

a-Halo thioethcrs 
dehydroha1ogenatio:i with bases 590, 

59 1 
formation 602 
halogenation OC GO3 
hydrolysis 588 
reactions, with alcohols 588 

with ammonia 558 
with Grignard reagent 589 
with organometallic compounds 

with thiols 588 
589 

thermal decomposition 584 
thermal dchydrohalogenation 589 

conversion into /I-hydroxy thioethers 
59 1 

elimination 595 
formation 594 
hydrolysis 591 
in cyclic thioethers formation 593 
in nucleosidcs synthesis 594 
isomerization 593, 594 
reactivity 59 1 

hydrolysis 595 

P-Ha!n t!1iocthers, Imin.r!ior? 592 

y-Halo thioethers, formation 595 

8-Halo thioethers, neighbouring-group 

Hammett acidity function 24, 130, 260, 

Hammett constants 153, 400, 527, 528, 

Hammett equation 89-97 
in cleavage reactions 51 

Hammett functions, in cleavage reac- 

interaction 595 

318, 333, 395, 541 

644, 645 

tions 43, 45 
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Hammett parameters 89-96-see also 
Substituent constant and Reaction 
constant 

Hammett relation, in acid-catalyzed 
cleavage of epoxides 395 

in aromatic electrophilic substitution 

Hansson equation for epoxide-amine 
reactions 399 

Heat of combustion of cyclic ethers 
375 

Heat of formation, of strong complcxcs, 
correlation with spectral data 247 

correlation with strength of inter- 

of formation, of weak complexes, 

of ether halogen complexes 284, 285 
of hydrogen bonding with ethers 

135 

action 246, 247 

251 

288-292 
Hemiacetals, acetylation of 3 1 1 

alkylation of 323, 324 
cyclic-see Cyclic hemiacetals 
decomposition 3 i 1 
detcrmination ofequilibrium position 

by U.V. 
measurements 312, 313, 327 

formation 312-314, 542 
from mercaptals 542 
intramolecuiar 3 13 
promotion by halogen substitucnt 

steric effect on 312, 313 
suh,!it!.ent eFect c:.. 3! 3 

313 

methylation of 31 1 
percentage in solution of carbonyls in 

role in acetal formation 312, 317 
stability 31 1 

alcohols 3 12 

Hemiketals, formation 3 13 
Henry’s la-w constant in basicity 

measurements 292 
Heterocyclic ally1 ethers Claisen-like 

rearrangement-see Claisen-like 
rearrangement 

Heterocyclic compounds, desulfuriza- 
tion with Raney nickel 577 

from epoxides 391 

cleavage 35, 36 
Heterocyclic ethers, acid-catalyzed 

thermal rearrangement 663 
Heterolysis of ether l inkagesee Clea- 

Hofer-Moest reaction 488-490 
Hoffman degradation of ylides 600 

vage 

Homolytic aromatic substitution 158 
Huckel-type secular equation 12 
Hund’s rule 5 
Hybridization in the ether linkage 8 
Hydration, acid catalyzed, conjugative 

of F-halo alkenyl ethers 570 
of P-halo alkenyl thioethers 568, 

of unsaturated ethers 566-568 
of unsaturated thioethers 566-568 

Hydrides-see also Metal hydrides 

effect 567 

570 

reaction with ethers 65-70 
reductions in THF 379 

‘Hydrocarbon cage’, effcct on basicity 

Hydroformylation of unsaturated cyclic 

Hydrogen abstraction 555-559 
u-Hydrogen abstraction 351, 355 
&Hydrogen abstraction 562 
Hydrogen abstraction from thioethers 

Hydrogen bonding with ethers 286-293 
in complex acid etherates 256 
in determination of basicity constant 

in hydrogen halide etherates 252, 

in perchloric acid etherates 258 
i.r. studies 288-292 
n.m.r. studics 292, 293 
of alcohols 288-290 
,c ,,:,,- c)o7 Qni 

of chloroform 288 
of perfluoro fatty acids 291 
of phenols 287, 290, 291 
strength of hydrogen bond 286 
U.V. and visible studies 287, 291 
x-ray studies 288 

378, 379 

ethers 425 

555-559 

260 

258-260, 291-293 

“ I  U * * * A . * ~ J  L” I -La I 

Hydrogcnolysis of ethers 66, 67-see 
also C!cavage by complex metal 
hydrides 

Hydrolysis-see also Cleavages 
base catalyzed 125, 126 

in sulphur-oxygen conversion 539- 
541, 547 

of acetals 332, 334 
of anhydrides 130 
of cinnamates 127, 123 
of C-0-C grouping, enzymatic 

22 1-229 
of cyclic ethers 145-see also Cyclic 

ethcis 

substituent effect on 125-130 



768 Subject Index 

Hydrolysis-cont. 
of diazofiuorenes 156 
of cpoxides-see Eposides 
of esters 125-130 

130 
alkoxy substituent effect on 126- 

mechanism, alteration of 129, 130 

Hydroxy compounds-see also specific 

conversion into mercaptans, thio- 
phenols and thiophene 531 

8-Hydroxy cyclic thioethers, ring con- 

p-Hydrosy esters, from epoxides 392 
B-Hydroxy ethers, conversion to P-halo 

6-Hydroxy &halo thioethers intercon- 

w-Hydroxy u-halo thioethers intercon- 

a-Hydroxy ketones, by eporidcs oxida- 

or' thioethers 584-586 

compounds 

traction 593 

e:hers 591 
reactivity 591 

versions 595 

version 596 

tion 390 
from epoxy ethers 394 

t-Hydroxy peroxides, rearrangement to 

a-Hydroxy thioethers 588 
P-Hydroxy thioethers, conversion to /3- 

halo thioethers 591, 592, 593 

with sulfides 593 
with tlliols 593 

$-hydroxy peroxides 403 

reactions, with alcohols 592 

. .  
rnrrc:;;-itj. 53! 

y-Hydroxy thioethcrs, conversion to y- 

6-HyGoxy thioethers, neighboring- 

Hyperconjugation 9 
Hyperconjugation effcct 120, 333, 334 

halo thioethers 595 

group interaction 595 

Ignition tcmperatures 684, 685 
Inductive effect 97, 100-104--sce also 

in nuclcophilic aromatic substitution 

in riucleophilic substitution of thio- 

in stabilizing carbonium ions 120, 

in thioethers halogenation GO3 
of ether group 83, 84, 87, 97 
on complexes strength 275, 289, 290, 

Substituent effect 

153 

ethers 578, 581, 585 

556 

293, 294 

Inductive-mil. 
on ether radical formation 355 
related to iinchimeric assistance 11 19 

Infrared studics, in analysis 672, 673 
in determination of basicity 378 
in electrophilic reactions 156 
in hydrogen bonding with ethers 47, 

of acetals 327 
of cyclic ethers 376 
of cyclic hcmiacctals 3 13 
of strong complexes 247 

288-293,296 

Instantaneous dipole 246 
Interaction, strong 246-248,251,252- 

see also Oxonium salts and Com- 
plexes 

Interaction strength 
correlation with association conrtant 

correlation with heat of formation 

correlation with spectral data 247, 

tempcrature effect 25Q 
Interactions, weak 282-293 

correlation with ground state elec- 

correlation with heat of formation 

Mulliken theory 248, 249 
strength of donor-acceptor intcr- 

25 1 

246, 247 

248, 283 

tron-donor ability 248 

25 I 

action 283 
Interaction types, dipole-dipolc 246 

dipo:c-ir;&cc~ dip& 246 
instantaneous dipole 246 
ion-dipole 245 
London dispersion forces 246 

Intermolecular condensations of thio- 

Intramolecular free-radical reactions 

Intramolecular hydrogen abstracdon 

Intrinsic viscosity of poly(propy1cne 

Inversion by glycosidases 228 
Ionic character of epoxidcs 378 
Ionization constants, 

of coniuaate acids 101-105 

ethers 565 

418 

416, 417 

oxide) 507, 515 

of co$uiate acids of nitrogen bases 
99-101 

of carboxylic acids 97-98 
of phenols 99-101 

Ionization energy-see Energy of ioni- 
zation 
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Ionization poteqtials, of cthers l4-i6 

Isoflavones, biogensis of 2 1 7, 2 18 
Isolation of ethers, by chromato- 

Isomerization-sec Rearrangement and 

Isotactic arrangement of polyethers-- 

Ketalization, selective 3 16 
Ketals-see also Acctals 

of weak complexes 284 

graphic methods 670, 671 

Prototropic conversion 

see Stereosrleetive polymerization 

acid-cnielyzed formation 3 15-3 19 
conformational effects on 3 15,3 1 6 
0.r.d. measurcments 3 15 
prevention of side reactions 3 18, 

319 
role of lxmiketal concentration 318 
selectivity 316 
steric effect on 315, 316 
substituent effect on 315 

asymmetric, formation of 32 1, 323, 

conversion into niercaptals 537-539 
elimination to u,p-unsaturated ethers 

quantitative determination of 676 
reduction with sodium and lithium 

324 

337 

618 
Ketene acetals, formation 330 
Ketene thioacetals, elimination 561 

Keto carbene 481, 482 
Ketol ethers--see a-Alkoxy ketones 
Kctone-olefin photoaddition 412, 413 

formation 563 

mechanism 412, 413 
steric effects on 412 

Kolbe electrolysis 488492 
anodic decarboxylation solvolysis 

anodic oxidation 489, 490 
higher voltagc electrol-ysis 489 
Hofer-Moest reaction 458 
of norborane-2-carboxylic acid 489, 

1,4-phenyl migration 492 
sidc products 48849  1 
stereochemistry 489, 490 
substituent effect on 488, 483 

49 1,492 

490 

Koopman’s theorem 10 

Lead tetraacetatc, oxidative cyclization 

Lezving group, importance in nucleo- 
by 417419 

philic substitution 460-463 

Leaving group-conl. 
in carbosylic acids hydrolysis 129, 

Lcwis acids, cleavage of ethers with 53, 

cleavage of tliioethers with 583, 537 
in acetal reduction 340, 341 
in acctals synthesis 325 
in /3-alkoxjj acetal formation 338 
in analytical determinations 678, 679 
in basicity determination 378 

130 

54., 583, 557 

in epoxid& cleavage 54-58,395,396, 
402,403 

in etheriiication 458 
in oxonium salts formation 251-260 
in nonionic addition compounds for- 

in oxygen to sulphur conversion 531 
in rearrangements 55-58, 628-635 
in stereoselective polymerization- 

sec Stereoselective catalysts 
reaction with acetals 338-340 

Linear combinations of atomic orbitals, 
in the ether linkage 3 

Lithium oxonium salts 262, 263 

mation 269-282 

of lithium bydride 263 
of lithium perchlorate 262, 263 
of organolithium compounds 263, 

266 
London dispersion forces 246 

Magnetic susceptibility measurements 
of stereoselective catalysts 510 

Mnnnich n n a l n p - i s  hares, a!ky!ntinn nf 
mercaptans with 539, 516 

Mannich reaction 

lenic ethers 607, 608 

539 

546, 547 

of acetylenic thioethcrs versus acety- 

for preFaration of a-aminothioethers 

for preparation of $-ketothioethcrs 

for preparation of selenoethers 539 
Mass spectral studies, of cyclic ethers 

of methyl radical coinbination 194 
of steroid acetals 329 
of sugar acetals 328, 329 

Trialkyloxonium salts 

376 

Mcenvein’s reagent 267-269-see also 

Meisenheimer complex 326, 451453 
Mercaptoethylation with thiocarbon- 

Mercaptals-see also Thioacctals 
ate 533 

biogensis 2 19 
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Mercap tals-cont. 

Subject Index 

conve.rsion into oxygen compounds 
541. 542. 547 

in suga/chekstry 541, 542 
preparation 337, 537, 538 

Mercapto radical 174 
Mercapto tropones preparation 534, 

Mercaptols, coilversion to oxygen core- 
535 

pounds 541, 542, 547 
in sugar chemistry 541, 542 
preparation 537, 538 

iodomercuration 155 
Mercuridesilylation 134 
Mesomeric effect 65 

in vinyl ethers 40 
Metalation 58-62, 70-73 

of selenoethers 556, 579, 580 
of thioethers 555-572, 578-581, 583 

Metal carbonyls, reaction with epoxide 

Metal extraction 257 
Metal halides-see also Lewis acids 

cleavage with 53, 54 
complexation-see Complexes 
of epoxides 55-58 
rearrangements during 55-58 

Metal hydrides, cleavage with 65-70 
of epoxides 66-70, 390, 391 
of oxetanes 68 
of oxolanes 69, 419, 420 

Mercuration, aromatic 136-138, 140, 
150 

392 

ieiiii ari~;e~~icii i  L y  L e w L  acids 

stereochemistry 67, 70 
subitituent effect 6’7, 68 
tracer studies 68-70 

hydrogenation of ortlio esters 325 
bktalooxonium salts 262-266-see also 

specific metal 
Methoxide ions 153 
Methoxybenzyl acetals, photosolvo1yt;c 

Methoxybromo alkanes, cyclization 415 
Methoxy group, anchimeric assistance 

effect on SN2 reactions 11 0-1 15, 119 
substituent effect of 91, 92 

Methoxymethyl radical 173, 174 
Methylation, enzymatic versus non- 

of alcohols with diazomethane 478- 

preferential methylation 479 

68, 69 

reactions 365-367 

by 119-1 24 

enzymatic 209, 2 10 

480 

NIethylation-cont. 
relative value of methylation 479,480 
role of catalyst 478, 480 

Methyl t-butyl ether pyrolysis, hydro- 

Methyl 1-chloroethyl ether pyrolysis 
gen bromide c;.talyzed 187, 188 

187 
cyclohexane inhibition 187 

Methyl group, de novo biosynthesis of 

Methyl radicals 169-1 79 
combination 193-196 

2 10 

activation energy 194 
by photolysis of’ acetaldehydes 196 
by photolysis of acetone 194-196 
mass spectral measurements 194 
rate coefficient 194-196 
rotating sector measurements 194, 

196 
Meyer-Schuster rearrangement 657 
Michaelis-Mentcn kinetic fermenta- 

Migratory aptitude, enchancement by 

in epoxides rearrangements 55, 57, 

in epoxy ketones rearrzngement 403 
in Stevens rearrangement 620 
in thermolysis of peroxides 474 
in Wittig rearrangement 619, 620 

ionization energies of 9-10 

tion 52 

cyclic ethers 29 

58, 63 

Molecular orbitals 4 

Molecular-orbital symmetry in Claisen 
and Copc rearrangemcnm 6% 

Molecular-orbital theory 15, i6 
Molecular-structure theory 11 
Monoketals, formation of 323 
Mulliken’s electronegativity definition 5 
Millliken theory for complexes 248,249 
Mutarotation, acid-base catzlyzed 231, 

233, 312 
tracer studies 23 1 

enzyme specificity 232, 233 
enzync-substrate complex 232 
mechanism 231-233 
polarographic measurements 232 
tracer studies 232 

enzyme-catalyzed 23 1-233 

Naphtholic salts, alkylation of 465468 
solvent effect 465, 466 
structural effect 466468 

Neighboring-gro:ip effect 156 
in acid cleavage of epoxides 395, 396 
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Neighbouring-group participation, al- 
koxy participation 118-123 

allcylthio participation 59 1-596 
aryl participation 122-124 
in nucleophilic substitution 118-124 
in solvolytic reactions 118-124, 423, 

of alkyl substitucnts 120 
of metlioxy substituents 118, 120, 

12 1 , 423, 424 
tetrahydrofuranyl participation 423, 

424 
tracer studies of 122 

424, 591-596 

Nitration 135, 1 37-1 40, 144., 146-1 48 
il’itrogen bases, dissociation constants 

hTo-bond resonance 377 
Norborane-2-carboxylic acid, electroly- 

sis of 489, 490 
Normal versus abnormal opening reac- 

tions of eposidcs, under acidic 
conditions 28, 44-43, 396, 397 

under natural conditions 45, 397 
with amincs 50, 51, 399,400 

of conjugate acids 99-101 

Nuclear magnetic resonance studies, in 
basicity determination 260, 292 

of acetals 327. 328 
I ~-~ 

of compl&es 247,248,266,270,272, 
28 1-283 

of cyclic ethers 377-378 
of hydrogen bonding with ethers 293 
of ketals 327, 328 
of Meisnheimer complex 453 

r-- NncPez. spiR & y.,.ge= iSdc?npf 4 
Nucleophiles in SN2 reactions 109-1 11 
Nucleophilic additions to unsaturated 

ethers 571-573 
Nucleophilic additims to unsaturatcd 

thioethers 571-573 
PJuclcophilic aliphatic substitution, 

effcct of methoxy vcrsus aryloxy 
groups 107-124 

Nuclcophilic aromatic substitution, 
effect of mcthoxy versus aryloxy 

Nucleophilic attack, of sulfur on perox- 
ides and vice versa 601 

Nucleophilic displacement in enzym- 
atic reactions, of glycosidic linkage 

POUP 150-154 

in cleavage reactions 228, 229 
in phosphorolysis 23 1 

Nucleophilic displacements involving 

during Claiscn rearrangement 647, 
(3-0-C bond formation 

648 

Nucleophilic displacements-colt. 
during thermal rearrangement of 

enol ethers 661 
mechanism 460468 

factor promoting 0-alkylation 463 
importance of leaving group, role 

of DMSO 462, 463 
SN2 to E2 ratio 461-463 
tosylate versus halides 461 , 

462 
role of alkyl halides 46-68 
role of solvent 463-466 
solvent cffcct on 0 to C alkylation 

ratio of phenolic salts 463-465 
steric effect 467, 488 

of alkyl halides with alkoxides 446- 
448 

choice of reagents 447 
cffcct of pressure 4-47 
of gem-dihalides 326 
preparation of optically active 

ethers 447, 448 
racemization 447, 448 
side reactions 448 
solvent effect 446, 447 

of alkyl halides with aryl oxides 448- 

in poly (phenylene oxides) forma- 
tion 5 17, 52 l 

oxygen versus carbop alkylation 
444,450 

side products 449 

450 

of alkyl halides with enolate anion, 
r n l x r n n t  &Lpt nn 0 tc C &.rla- 

I -- -”-. .,_-. _a_--.. --- 
tion ratio 465 

of alkyl halides with epoxides 391 
of aryl halidcs with alkoxides 153, 

order of aryl halides reactivity 450 
rate of halogen replacement 450 
side products 450 
substituent effect 153, 450 
temperature effect 450 

4504.54 

of aryl halides with aryl oxides, 454, 

characterization of phenols 455 
limitation 454 
role of catalyst 454 
side products 454 

oxides 455, 456 

470472 

oxides 45 1 , 452 

455 

of diphenyliodonium salts, with aryl 

of peroxides with organometallics 

of 1,3,5-trinitrobenzene with alk- 
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Nucleophilic displacemcnts-ro1zt. 
of 1,3,5-trinitrobenzene with alk- 

analogy to Von Richter reaction 

Meisenheimer intermediate 45 1, 

role of bicarbonate and carbonate 

oxides-cont. 

mechanism 451, 452 

452 

451,452 
Nucleophilic ring formation 414-416 
Nuclcophilic substitution-see also Nu- 

cleophilic displaccments and Sub- 
stitution, nucleophilic 

at a-carbon of ethers and thioethers 

at sulfur 578-581 
581-583 

Nucleopliilic substitution with sulfur- 
containing nucleopliiles, of alkyl 
aryl ethers 53!j 

of tropolones 534, 535 
Nucleophilicity of oxygen versus sulfur 

compounds 528, 543, 544, 547 
Nucleoside, synthesis, episulfonium ion 

intermediate 594 
Nucleotidc acetals 330 

0-D shift of Ch,OD in determination 
of relative basicities of cthcrs 288- 
290, 292 

OH radical, charge diagrams 7, 8 
Olefin epoxidation 387, 388 
Optically active ethers, preparation 

447,440 
Qptical rotatory dispersion measure- 

iiicii&, VT aceiai Formation 327 
of ketal formation 315 
of oxirznes 316 

d-Orbital resonance 527, 529 
Organic pyrolyses inhibition167, 168 
Organo&minium mctallooxonium 

salts 263, 264, 266 
n.m.r. studies 266 

Organoboron metallooxonium salts 264 
Organochrornium compounds, pre- 

Organolithium compounds, cleavage of 
paration, in THF 380 

ethers wirh 60-62, 572 
ether effect on properties 271 
in epoxides rearrangement 403405 
in Stevens rearrangement 668 
preparation 575 
reaction with, t-butyl perbenzoate 

472 
dialkyl peroxides 47 1 
epoxides 62, 404. 

Organolithium compounds-cont. 
thioe thers 

addition 572 
cleavage 574, 578-583 
metalation 555 

Organogermanium compounds, reac- 
tion, degcrmylation 137, 140 

with epoxides 393 
with oxolanes 420 

Organomagnesium compounds-see 
also Grignard reagent 

order of basicity of ethers towards 
273 

Organometallic compounds-see also 
specific compounds like Grignard 
reagent, and stereoselective cata- 
lysts, Organolithium compounds, 
etc. 

cleavage of ethers by 58-65 
cleavage of oxolane by 419, 420 
demetallation of 134, 140 
preparation, from thioethers 574 

reactions, in THF 379, 380 
with t-butyl perbenzoate 472 
with dialkyl peroxides 472 
with a-halo ethcrs 589 
with thioethcrs 555, 572, 574, 578- 

Organometallic coordination com- 
pounds-sce Complexes 

Organometallic linkages 130 
Organophosphorus compounds, clcav- 

cleavage of osolanes 420 
conversim of epoxides into cyclo- 

propylcnes 392, 333 
deoxygenation of epoxides with 392 
in epoxick formation 384, 385 

Organophosphorus tervalent com- 
pounds, reaction with dialkyl 
peroxides 473 

Organopotassium compounds, pre- 
paration 71 

Organosilicon compounds, as cleaving 
agents 23-74, 4.20 

desilylation of 88, 134, 137, 140, 141 
Organoselcnium compounds-see also 

Selenoethers, preparation 539 
Organosodium compounds-see also 

Organosodiuni oxonium salts 

from ethers 7 1 , 575 

583, 589 

2ge nf epC?xic’,er. 75 

cleavage with 58, 59 
reaction with dimethy1 perosidcs 47 L 
reduction with 619 
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Organosodium oxonium salts 264-266 
of azulencs 266 
of sodium enolates 264, 265 
of sodium naphdialene 265 
of tritylsodium 265, 266 
solvation effects on 264, 265 
structural efTects 265 

Orientational cffects of methoxy and 
phcnoxy groups 136-139, 142-150 

ortho effect 128, 129, 136, 137 
Urthoesters, addition of, alkynes 325 

Grigiiard reagent 324, 325, 582 
ketenes 325 
Reformatzky reagent 324, 325 
vinyl ethers 325 

forination of 325 
hydrogenation of 325 
versus orthothioesters 556, 586, 587 

Orthothiocarbonic esters, cleavagc 579 
carbenes from 579 

Orthothioformates, carbenes from 560 
cleavage with acyl halides 586, 587 
hydrogen abskaction from 555, 556, 

reacticr? wit!i Grignard reagent 582 
Overlap population, between pairs of 

Oxanes-see also Cyclic cthers 
catalytic cleavages 420, 42 1 
conversion into thianes 422 
free radical alkylation 429, 430 
synthesis 

560 

orbitais 10 

by oxidative ring formation 4.18 
by rcarrangernent of oxolanes 415 
by reduction oflactoncs 415 
from diols 414, 415 
from methoxy halo alkanes 415, 

41 8 
Oxalan formation 415 
Oxepyran synthesis, from diols 414-, 415 

Oxetancs, cleavages of 28, 29 
from methoxybromoalkanes 41 5 

catalytic 420, 42 1 
with Grignard reagent 419 
with metal hydrides 68 
with organosilicon compounds 74 

free radical alkylation 429, 430 
hydrogen bonding of 289 
hydrolysis 44 
iodine complexation 285 
photodecomposition 41 2 
photolysis 355, 356 
polymerization 55, 380 
preparation, by diol cyclization 41 1 

by photo additions 411413 

Oxidation, polarographic 159 
Oxidative ring formation 416419 

from alcohols, by free radical reac- 

by hypochloride intermediate 416, 

positive oxygen intcrmcdiate 41 7 
with lead tctraacetatc 417, 418, 

tion 417 

417 

419 
from hydrocarbons 416 

by tetrahydrofurfury1 alcohol, re- 
Oxime, by photoaddition 4-14 

arrangement 422 
Oxirancs--see Epoxides 
Oxircnes syntheses, by peracid oxida- 

tion of acctylcnes 389, 390 
from a-keto carbene 389 
tracer studies 389 

0x0-cyclo tautomerism 3 13 
Osolanes-sce also Tetrahydrofuran 

acid-catalyzed cleavage 29 
dehydrogenation to furans 422 
formation by intramolecular photo- 

Free radical alkylation 429, 430 
intact-ring reactions 422 
nucleophilic cleavage, by Grignard 

by metal hydrides 69, 419, 420 
by organometallic compounds 419, 

by organophosphorus compounds 

by organosilicon compound 74, 

addition 413 

reagent 419 

42 0 

420 

42 0 
oxidation to iaciones 422 
splitling by lithium 73 
syntheses 414419 

Oxonium compounds intramolecular 

Oxonium ions 556-571 
596 

carbonyl 254 
cyclic 

formation by neighbouring group 
formation frcm diazoketones 
415,416 

participation 119-122,423,424, 595, 

PIC values of 39, 260-262 

Frotonotion and Coniplcxes 
by protonation 252-260 
by solvation of mctal ions 262-266 
conversion to sulfonium salts 597 
dialkylacyl 269 

596 

Osonium salts 251-269-see also 
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Oxoniuni salts-cont. 
formation of 16 
metallooxonium salts 262-266-sec 

trialkyl 266-269-see also trialkyl 

OxosuKonium ylides in epoxides syn- 

Oxyalkylene group, quantitative de- 

Oxygen atom, isolated, description of 

nlso specific metal 

oxonium salts 

thesis-sce Eposidcs 

termination of 676 

4-5 
e!ectronegativity of 5 
ionization energy of 5 
valence state of 7 

nuclear spin of 4 
Oxygen isotopes 4 

Oxygen nucleus 3 
Oxygen properties versus sulfur and 

Oxygen-sulfur conversions 377, 422, 

acid catalyzcd 531, 532, 535, 536, 

base catalyzed 533, 534, 535 
by thermal methods 529-531, 543, 

selrnium 527-529 

529-539, 543, 544-547 

544,545 

544 
in carbonyl compounds 536, 537- 

539.545-547 
of acetais into mercaptals 337 
of cyclic ethers 422 
osoniiim into sulphonium salts 597 

Paraffins, decomposition 180 
P~rtia! rate fixtors 1361 35 

in electrophilic aromatic substitution 
136, 139, 141, 145, 150 

Pauli principle 5 
Peracid-caused resrrangemen t 400,40 1 
Peracids, reactions with olcfins 38 1-383 
Peresters, acyloxylation of cyclic ethers 

alkoxylation of cyclic ethers 426, 427 
photochemical reactions 363, 364 
photochcmical versus terminal reac- 

Pcrfluoro fatty acids, halogen bonding 

Peroxides, decomposition of 159 
formation from acetals 343 
in epoxides formation 387 
in ethers detection and estimation 

Perosy compounds, reactions with 

42 7 

tions 364 

with ethers 291 

691-695 

organometallics 470472 

Peroxy compounds-cont. 
reactions with phosphorus com- 

pounds 473 
thermolvsis 473. 474 

- I  

Peroxy radicals, reaction with acetals 
344. 345 

Phenanihrenes synthesis, by M'ittig 

Phenolacetals formation, from cc-halo 

from cr,&unsaturated ethcrs 322 
Phenolic salts, alliylatior? of 463468 

solvent effect 463466 
steric effects 466-468 
structural effect 466-468 

rearrangement 628 

ethers 320 

Phenols, alkylation with dialkyl sulfates 
and aryl sulfonic esters 456, 457 

biological methylation 209 
characterization of 455 
dissociatioii constants of 99-101 
hydrogen bonding with ethers 

i.r. studies 289-291 
ring-size effects 296 
steric effects 294 
U.V. studies 287 

Phenonium-see Aronium 
Phenoxy radicals 188 
Phenyl alkyl thioethers, preparation 

Phenyl allyi thioether Claisen re- 

Phenyl carbonates, photo Fries re- 

i ,i-r"nenyi migration during Ko~be  

Pliosphorolysis of 0-glycosides 229- 

Phosphorylases, versus glycosidases, 

mcthylation with diazomethane 480 

from benzyne 600 

arrangement 607 

arrangement 360 

electrolysis 492 

231 

equilibrium constants 230 
reaction mechanism 23 1 
rcgulation 23 1 
specificity 229, 230 
structure 230, 231 
tracer studies 230, 231 

Photoadditions, oxetane formation 412, 
413 

oxine formation by 414 
oxolone formation by 413 
to alkenes 364, 365, 414 
to carbonyls 362 
to diketones 362 
to quinones 362, 414 
to tetracyanocthylcne 365 

Photoalkylation 364, 365 
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Photobromination 159-see also Photo- 

Photochemical conversion of acetals, 
halogenation 

into csters 369 
Photochemical cyanation 362, 363, 

427.428 I ~ - -  
free-radical mechanism 363 

Photochemical reactions 353-370-see 
also Specific photoreaction like 
Photoaddition, Photcrearrange- 
ment ctc. 

of acetals with alkenes 368, 369 
of cpoxides 405-408 
reaction types 354 
with acid chlorides 368 
with peresters 363, 364 

Photochemical rotating sector tcch- 

Photochemical solvolytic reactions 365- 
nique 194, 196 

367 
free-radical mechanism 366 
ionic mechanism 366, 367 

Photochemistry of ethers 15, 353, 370, 

Phctodecomposi tion-see a!so Photolysis 
of diazonium compounds 487, 488 
of oxetane 412 
versus dark decomposition 408 

405408, 426430 

Photo dienone-phenol rearrangcment 

Photo Fries rearrangement 353, 360 
of cyclic ethers 407, 408 

synthetic utility 360 
versus usual Frics rearrangcment 350 

of' acetals 342, 370 
with NBS 342, 368, 370 

Photoinitiator 354, 355 
Photoisomerization, of epoxy ketones 

360, 361 
Photolysis 355-361 

Pliotohalogenation 367, 368, 427 

oracetone 194, 195, 196 
activation cnergy 196 

in aqueous solution 365-367 
in solution 357, 358 
in vapour phase 355, 356 
of acetaldehyde 196, 197 

activation energy 195 
of aliphatic ethers 356, 357 
of aromatic ethcrs 358-361 
of cyclic ethers 355-357 
of diazo compoilnds 483 
of epoxides 355-358, 405,406, 41 1 
of epoxy ketones 406 

Photooxidation, of hydrosy olefins 388 
synthetic utility 361 

Photoreactions with carbonyls 361- 

Photorearrangemcnts, dienone-phenol 
362 

407, 408 
Fries 359, 360 
of ally1 aryl cthcrs 358, 353 
of cyclic epoxy ketones 406, 407 
of epoxides 405 
of phenylacetic acids 358, 359 

Photosensitizer 354, 355 
Picryl ethcrs 449, 453, 454 
pK values 39, 260-262, 290, 292, 297 
Plasmalogenes, biogenisis 2 18, 2 19 

Polar effect, of ether groups 83, 87, 88 
Polarity 7 

of carbon-oxygen bond in ethers 8 
Polarizability 83 

of the G--0 bond 36 
Polarization 83, 92 

of oxygen ethers versus thioethers 

tracer studies 219 

566, 572 
Polyenes, synthesis from acetals 339 
Polyethers 499-522-see also Stereo- 

selective polyxcrization and speci- 
fic poly compounds 

propcrties 499-501 
s tereochemistry 503-506 

configuration 503-506 
atactic arrangement 504 
isotactic arrangemcnt 504 
syndyotactic arrangement 504 

conformation 503, 504 
effects on 503, 504 
rotationai arrangemcnt 503 

hclical arrangement 505 
stereoregular polymerization 504- 

Polymerization, during Claisen re- 
506 

arrangement 639 

cationic type 513 
coordination rearrangement 508, 

of 2-butene oxide 

509, 513, 514 
of cyclic ethers 54, 267, 380, 331 
of diazo oxides 52 1, 522 
of dideuteroethylene oxide 514 
of ethylene oxide 50 1 
stereosclectivesce Stereoselcctive 

Polymerization of cpoxides, anionic 
polymerization 

501, 502 
chain transfer 50 1 
end group 502 
sidc reactions 502 
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Polymerization of’ epoxides-con!. 
catioiiic 502 

coordination-rearrangement 502,503 
inversion 503 
types of propagation mechanism 501 
stereosclective-see Stereoselective 

substituent eKect 502 

polymerization 
Poly(pheny1ene oxides) 517-522 

from diazooxides 52 1, 522 

halo displacement polymerization 

mcclianism 52 1 
in THF 522 

free-radical mechanism 5 18 
monomers 517 
rule of oxidizing agents 517, 518 
substituent effect 521 

o-sidative coupling polymerization, 
mechanism 5 19-51! 1 

scope 5 19 
substituent effect on 52 1 
tracer studies 5 i 9 

Poly(propy1ene oxide) 501, 502, 507- 
see also Stereoselective polymeriza- 
tion of propylene oxide 

degradation 514 
intrinsic viscosity 507, 5 15 
optical activity 515 

Polysaccharide phosphorylase-see 
Phosphorylases 

Positive halogen compounds, addition 
to u,p-uiisaturated ethers 323 

Potassium compounds oxonium salts 266 
Promotion energy 7 
Propionaldehyde pyrolysis 20 1 
Propylcne oxide photolysis 357, 358 
Protonation, by complex-halogen acids 

254-257 
by halosulfuric acids 253 
by hydrogen halides 258-260 
by nitric acid 252 
by perchloric acid 257, 258 
by sulfuric acid 252-254 

Prototropic conversions of unsaturated 

Prototropic shift 48 1 
y-4H-Pyran synthesis 590 
Pyrdysis 167-203-see also specific 

ethers and Thermal dccomposition 

thiocthers 562, 564, 609 

of diethyl ether 179-186 
of diniethyl ether 168-1 79 
of epoxides 406 
of various ethers 187-193 

Pyrolytic cleavage of alkynyl cthers 
605, 606 

y-Pyrone conversion into y-thiopyrone 
536. 545 

Pyrones by photorcarrangenient of 

Pyrillium cation, by photorcarrangc- 

conversion into thiopyrillium cation 

formation of acetals from 319 

cpoxidcs 406, 407 

ment of epoxidcs 406, 407 

536, 537, 545 

Quinone acetals formation 326 
Quinones, photoaddition, to alkexies 

414 
to ethers 362 

19-Radical 169, 170-173, 197, 199 
p-Radical 169, 172, 197-199 
Radical combination 519, 52O-see also 

illcthyl radical combination 
Radical formation during ether cleav- 

age 53-65 
Radical reactions-see also specific 

reactions 
in C-0-C bond formation 473, 

474 
in ethers pyrolysis 167-203 
in photochemical reaction 3533-370 
in polymerization 5 18-520 
in thermal reairangements 662 
mcthoxy substituent effect on 157- 

of acetals 341-345, 369, 370 
of cyclir rthprs 40_54!4, 4 2 5 4 3 0  
of thioethers 600 
phenoxy substituent effect on 157- 

160 

160 
Radicals-see also Free radicals 
Raman spectra studies, of complexes 

253, T59, 270, 281,282 

576-578 

tors 134-135 

of hemiacetals 353, 327 
Raney nickel, desulfiurization with 

Rate factors-see also Partial rate fac- 

‘Reacting bond rule’ 383 
Reaction constant-see Hanunett equa- 

in aromatic electrophilic substitution 

in carboxyl methylene condensation 

Reactivity, a t  carbonyl carbon atoms, 
effect on alkosy group on 125-132 

tion 89, 90, 97, 123 

135, 136 

132 

of ethers towards -4IC1, 53, 54 
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Reactivity-cont. 

150 
of methoxy and phenoxy groups 139- 

of vinyl ethers 40 
Rearrangements 6 17437-see also 

Respective rearrangements like 
Claisen rcarrangenient, thermal re- 
arrangemcr-t etc. 

during acid-catalysed cleavage 27-30 
during base-catalyzed cleavage 48 
during cleavage of cthcrs 27-30, 7 1 
during ether pyrolysis 189-191 
during reductive cleavage 69, 7 1,575 
during tropoloncs conversion 535 
in oxygen-sulfur conversion 530, 

543 
of cyclic ethers 28, 55-58, 63, 400- 

405, 415, 422-see also Epoxides 
kinetic results 57, 61 ' 

stereochcmistry 60, 61, 62, 403 
Reduction-see also Hydrogenolysis and 

metal hydrides 
of acetals 340, 341 
of cyclic ethers 420 
of cpoddes 390, 391 
of ethers 69, 66-70, 619 
of ketals 618 

Reductive cleavage 49 
of ihioethcrs 573-575 

Reformatsky reagent addition to ortho- 

Relative basicities determination 283 
Resonance encrgy-see also Energy of 

esters 324, 325 

resonance 
of the carboxylic group iO2 

of aryl ethers 500, 50 1 , 5 17 
of carbanions from tllioacetals and 

thioethers 556 
of carbanium ion by alkosy substitu- 

cnt 106, 107 
of esters 125, 126 

Resonance stabilization, in biphenyl 
system 115 

Ring closure, Dieclmann condensation 
565 

followinq solvolysis 11 7 
in acetal synthesis 314,322, 324, 335, 

in Claiscn rearrangement 635, 645 
in cyclic ethers synthesis 330, 381, 

411419, 538, 590 
of w-halo thioethers 59 1-596 

340 

Ring: contraction, in 'CVittig rearrange- - 
ment 628 

of /?-hydrosy cyclic ihioethcrs 593 

Ring enlargement, by Kolbe electroly- 
sis 488, 489 

of 2-oxaspiro[3.4]hexane 29 
of tetrahydrofurans 415, 422 

Ring opening-sce also Cleavage 
during Wittig rearrangement 624 
of cyclic acetals 332, 340-342, 345 
of cyclic ethers 55-58, 374, 395-400, 

Ring-opening mechanism-see also 
Stereoselective polymerization of 
propylene oxide 

405, 41 0, 419, 42 1 

Ring-opening ratcs 374 
Ring-size effects on complex strength 

Rydberg transitions 14 

Saccharides-see also Sugars 
biosynthesis of 2 1 1-2 17 
serological specificity 2 13 

262, 275,279,289-291,295-297 

Safety measures 682-699 
Sar?dwich structure of organochromium 

Secular equation, Hiickel type 12 
Selectivity, in electrophilic aromatic 

etherates 280 

substitution 135-1 36 
in ketalization 316 
of clectrophilic reagent 135 

Selectivity factor 135, 136 
Selenium, properties versus oxygen and 

sulfur 527-529 
Selenium compounds-see also Seleno- 

ethers or specific compounds 
conversion into cxygen compounds 

preparation 539 
542,543,544 

Selenium dihalide formation 598 
Selenoacctals, alkylation of 556 

metalation of 556 
preparation 539 

Selenoadenosylmethionine 2 11 
Selenoethers, basicity, versus ethers and 

thioethers 529, 544 
complexation 529 
complex with halogens 598 
disproportionation 579, 580 
formation of selenium compounds 

nucleophilic c1i:avagc 579, 580 
preparation 393, 541 

598 

Selenoketals preparation 539 
Separation, by chromatographic meth- 

of atactic and isotactic poly(pro- 
ods 670, 671 

pvlcnc oxide) 506 
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1,2-Shift, during base-catalyzed cleav- 

during prototropic conversion 609 
Single displacement in cleavage of 

glycosidic linkage 228 
Smiles rearrangement 474-477 

, electronic effects 476, 477 

sge 48 

conformations of transition state 477 

mechanism 475-477 
steric cffects 476, 477 
substituent effect 475, 476 
6-substituent effect 476, 477 

Sx2 to E 2  ratio in nucleophilic substi- 

Sodium in cleavage reaction 70, 71, 72 

Sodium naphthalene, solvation cffects 

Sodiurr. oxonium salts 263-266 

tution 461-463 

rearrangement during 71 

on 264 

of organosodium compounds 264- 

of sodium borohydrides 263 
solvation effcct on 264, 265 
temperature effect on 264 

266 

Sulfones 601 
Sulfoxides 601 
Solubilization chromatography, separa- 

tion by 670,671 
Solvation effccts 90, 98, 103, 104, 264, 

265, 297,298 
Solvation of metal ions 262-266 
Solvation rule 383 
Solvent cage effects 283, 296, 297 
Solvent effects-see also specific reac- 

on acid-catalyzed cleavage 33, 396, 

on alkylation of naphthoxides 465, 

on alkylation of phenoxides 463-465 
on bzse-catalyzed cleavage 5 1 
on Claisen rcarrangement 644-647 
on cleavage by metal hydrides 66 
on complexes strength 264, 265, 273, 

on epoxidation of olefins 381, 383 
on epoxide reduction 391 
on epoxides cleavages 5 1 , 396,400 
on Grignard reagent 273, 274 
on nucleophilic displacements 446, 

on oxygen to carbon alkylation ratio 

on thioethers addition 596 
on Wittig rearrangement 622, 623 

tions 

400 

466 

274,2a3,285,297,298 

4.47 

465 

Solvolysis 139, 141, 144-see also 
Cleavage and ilydrolysis 

acceleration by ring closure 117 
alteration of mechanism 129-131 
of benzoyl halides 130-131 

substituent erect on 131 
tracer studies 130 

of brozylate esters 119, 120, 123, 124, 

of carboxylic csters 125-130 
423,424 

alkoxy substituents in the C-aikyl 

alkoxy substitucnt in the ieaving 
group 126-1 29 

group 129-130 
Solvolvtic reactions 11 1-1 18 

neighboring-group participation in- 
sze also Neighboring-group par- 
ticipation 

trace studies of 122 
with anchimeric assistance 119-124 

Sornmelet rearrangement, analogy to 
Wittig rearrangement 627 

Spectra U.V. and visible 14-16 
in detection of ethers 672 
in Wittig rearrangement 62 1 
of acetals 327 
of anisoles 86 
of complexes 253, 254 
of cyclic ethers 13, 15, 377 
of ether-iodine complex 15, 283-286 
of hemiacetals 3 12-3 14, 327 
of hydrogen bonding with ethers 

287 
of hydrosen replaremrnt in ryrlir 

ethers 420 
of thioethers 17 

Spirocyclic acetal peroxides 343 
‘Standard bond’ 7 
Stereochcmistry, of acid-catalyzed re- 

of alkyl halides displacement with 

of bicyclo epoxides rearrangement 

arrangement 629-63 1 

alkoxides 447, 448 

402, 403- 
- 

of Claisen rcarrangement 642-644, - 
659, 660 

of cleavages 31, 33, 54, 56, 62 
acid catalyzed of epoxides 34, 394, 

base catalyzed 48, 49 
base catalyzed of epoxides 51 
by hydrides 70 
by organometallic reagents 60, 61 

of cyclopropyl formation from epox- 

395-398 

ides 3S3 
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Stercochemistry-cont. 
of desulfurization with Raney nickcl 

5 7G 
of cnol ethers thermal rearrangement 

662, 663 
of eposidation of unsaturated ketoncs 

of epoxides conversion into episulfides 

of epoxidcs formation by peracids 382 
of epoxidcs reduction 390 
of epoxy ketones rearrangement 56, 

of glycosidases action 228, 229 
of glycosidic linkage biosynthesis 2 15, 

of ketals formation 315, 316 
of Kolbe electrolysis 489-491 
of ososulfuniuni ylide action with czr- 

of phosphorylascs action 231 
of polyrncrization-see Stereoselec- 

tive polymerization 
of Stevens rearrangement 620 
oI' sulfonium ylide action with car- 

of Wittig rearrangement 621, 622, 

Stercoselcctive catalysts-see also Stereo- 
selective polymerization of propy- 
lene oxide 

effect of alcohol 51 1 
effrcrt of watcr 510, 51 1 

383, 384 

545, 546 

57,403 

216 

bonyls 386, 387 

bonyls 386, 387 

624 

Furukawa catalyst 506-5 1 1 , 5 15 

Osgan catalyst 506509, 5 1 1, 5 15 
Pruitt catalyst 505-507, 510, 515 

chelation effect 5 I0 
effect of water 509, 510 
e.s.r. measuremcnts 510 
magnetic character 5 10 
magnetic susceptibility measure- 

ments 510 
structure 506, 510 

Vandenberg catalyst 506, 508 
Stereosclective polymerization of pro- 

pylene oxide 505-516-see also 
Stereosclective catalysts 

catalyst activation and stereochemis- 
try 509, 511, 516 

catalyst sites 508, 512, 516 
coordination propagation mechan- 

head-to-head structurc and optical 

invertion in ring opening 512, 513 

ism 51 1, 516 

activity 515 

Stereoselective polymerization-cont. 
mechanism of isotactic polymer for- 

mechanism of noncrystalline polymer 

ozone cleavagc of isotactic polymer 

polymer properties with different 

ring-opening mechanism 5 1 1, 5 12 
sdectivc inversion 508, 51 1, 512, 516 
separation of atactic and isotactic 

sequence length estimation 507, 508 
versus isotactic polypropylcnc 505, 

Stereospecific, addition to double bond 

mation 513 

formation 5 13-5 16 

514, 515 

catalysts 506, 507 

polymer 506 

506 

156 
deuteration 376 
cpoxides formation 383, 384, 386- 

hydroxy kctoncs formation 394 
388 

Stereospecifiicity, ir? cleavage reactions 
62 

of base-catalysed cleavage 48, 49 
Steric effects, in Claisen rearrangement 

in cleavage by me:al hydrides 69, 70 
in electrophilic aromatic substitution 

in electrophilic reactions 155 
in epoxy ketones rearrangement 56 
in hemiacetals formation 312, 313 
in ketals formation 315, 316 
in ketone-olefin photoaddition 412 
in oxosulfonium ylides addition 386 
in phenolic salts alkylation 466-468 
in Smiles rearrangement 476, 477 
in solvolysis of benzyl halides 1 17 
in sulfonium ylides addition 386 
in tliioethers halogenation 603 
on comparison between C-0-C, 

C-S-C and G-Sc-C bonds 
52 7 

on complcxes strength 254, 261, 262, 
275, 294 

on epoxidation of olefins 361 
on epo-xide cleavage 27, 298, 460 
on etherification of diimides 468,469 
on reactivity 94, 95 
ortho effect 128, 219, 136-138, 142 

Steric inhibition of conjugation-see 
Steric inhibition of resonance 

Steric inhibition of rcsonance 85, 87, 
102, 103, 114, 116, 131, 149, 254 

642-644,647, 659, 660 

134,i3~-i38,142,143,i48, 150 



780 Subject Index 

Steric su‘sstituent constants 95 
Steroid acetals 331 

formation 318, 319 
m.s. studics 329 

Steroid epoxides, rearrangement 433 
Steroid ketais 

formation 315, 316 
reaction with anhydrides 340 
reaction with Vilsrncicr’s ieagent 340 

Steroids, desulfurization by Raney 

etherification 479, 482, 489-491 
stereospecific cpoxidation 385 
sulfur-oxygen conversion 540 

age of epoxy ethers 391 

rearrangcment 620-622 

nickel 577 

Stevens mechanism in hydrolytic cleav- 

Stev-ens rearrangement versus Wittig 
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